February 1988 ANL-PRISM-49

PRISM THERMAL-HYDRAULIC (FORCED AND NATURAL CONVECTION)
COMPLETE IN-VESSEL-MODEL PERFORMANCE TESTS:
PHASE I AND PHASE TII

by
J. J. Oras and K. E. Kasza

Materials and Components Technology Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, I11inois 60439

e Rl
LRISM-TM series provides the documentation OW
tasks performe— tamanie o e “IM series is
prepared: prim NO ACCESS RESTRICTIONS lts reported

are preliminary This document is not considered OUO-Applied Technology. It was  |f be quoted
ced. [reviewed for Export Controlled Information and found to be suitable for \

unlimited access and reproduction.

This label reflects Applied Technology instructions issued April 13,
2006, by the the Department of Energy Office of Nuclear Energy.
Additional guidance has also been provided by DOE in 2016 and 2018
memos, as well as from NNSA.

g G ;
g Zcmu/c 7§ZIIE::— 01/06/2020 iﬁﬁﬂﬂhﬁ

third parties re Paul Betten. ANL Date t compame:s
and foreign su s i be coordi-
nated with the Deputy e velopment, U. §.

ecretary for Civilian




i1



TABLE OF CONTENTS

Page
1.0 INTRODUCTION. .evevueeeeccosaeesoosnosensanssssssasavssonsssonassocoes 1
2.0 BACKGROUND. . e vrueeeneeencseasseecansasscassnsasnassososascsnnssssns 3
2.1 MOJEling..ecevieoeuuosseeennnasoasosesssnsssoscnssanaccsnncnns . 4
2.1.1 General Similarity.eeeeecesceneesnsveancaassacssnsnsocns 5
2.1.2 PRISM Similarity.ceveecoceooccacvasacenns eeens cecssnuns 6
2.2 Model Description..ceieeieeiecacetescacsocnasscancascns ceseenes 9
2.2.1 PhASE Livvierseeasecooaoacsnsoncsnssosssnssscasssnnsosns 9
2.2.2 Phase Il...eeeeeeeeeeacnasoasssesssanencasncsensnsnnns .. 25
2.3 FACTTitYeereueenoenrotoasnnannsaacscaseassssnnsnasancnons . 31
2.3.1 Description of MCTF .. .uueiriiriraneiesnreesnnsccnnnans 31
2.3.1.1 Steady-State Mode.....ccoeiereninnnecneennnnans 34
2.3.1.2 Transient Computer-Controlled Mode............. 34
2.3.2 Advanced Reactor Test Center............... vesemcsessans 37
2.4 Modes Of Operation...ceeeeeeieeneniensecasaacencncaaaancoccsnes 38
2.5 Prototype Transients of Interest.........cceivviivinnncness veee- 39
3.0 TEST OBJIECTIVES .. eecvevveeeernseneooancnscsnsscnsssnossononcsssnsssoes 45
3.1 Phase I (Initial Scoping TestS)..oeuueenriinneniiiennnneennenes 45
3.1.1 Flow Distribution.ceeseeceececeessecnneesssacescnnusannns 45
3.1.2 Cold Plenum Stratification...ciieiveerieceecnnsncancnans 46
3.1.3 Constant Flow Thermal Transients (MCTF Interface)..... .. 46
. 3.1.4 Natural Convection (Core Heaters).....ceeceeeneccnnancas 47
3.1.5 Mixed Natural-Forced Convection (Core Heaters with
Internal PUMPS) ceeeueeeeenerennccoseoonscarseacsascsnanns 47
3.1.6 Prototypic Transient A-4 (Plant Unloading at 3% Per
Minute from 100 to 25% POWEr) ..uiiurenessnnccnaanscnnnns 48
3.2 PRASe Il.u.eeieeuenesacaecanancsnssecsassoncassocscsnsonesssnns 48
3.2.1 Simulated Prototypic TransientS....c.ceeiieeececcenccannns 48
3.2.1.1 Reduction of Power From 100 to 25% (A-4)....... 52
3.2.1.2 Reactor Trip From Full Power with Maximum
Decay Heat (B-1A)..euieeenieenerenecencconnsnnns 52
3.2.1.3 Loss of Power to One Primary Pump (B 3B).. . 52
3.2.1.4 Loss of Feedwater to A1l Modules Supp1y1ng
One Turbine, with Scram After Steam
Generator Dryout {B-5B)....ceveincncencnnannane 58



4.0

5.0

6.0
7.0

TABLE OF CONTENTS (Contd.)

Page
3.2.1.5 Loss of Feedwater to A1l Modules Supplying
One Turbine, with Thirty-Second-Delayed
Seram (B-5B).uiuneeriiiiiiiiieinniineaennaann, 58
TR T RESULT Sttt ittt ittt ittt e eeseeeeeseeeceannnnnansesennnnnns 58
I R T 1T 58
4.1.1 Flow DIStribULiON. . e ee et ieieerseeevennnnrennanoeonnnnns 58
4.1.2 Cold Plenum Stratification..eee e ee e esnenecreneennnnns 67
4.1.3 Constant Flow Thermal TransientS...eee e eeeeveneeennnnnns 68
4.1.4 Natural Convection. . veeee i ineeeriieneeneeessnnnennannns 83
4.1.5 Mixed Natural-Forced Convection...oueeeeeeenenenneenenn. 97
4.1.6 Prototypic Transient A-4...viueeneeernnnnnnn. ceerseesenn 109
4.2 Phase Il.iiuiiiineeeneeenenenneeeeensneecsannnnns e 113
4.2.1 Simulated Prototypic TransientS...e.eeeee e encneennnnen, 113
4.2.1.1 Reduction of Power From 100 to 25% (A-4)....... 118
4.2.1.2 Reactor Trip From Full Power with Maximum
Decay Heat (B-1A)...iiiuninininiennennnnnnnnnn. 129
4.2.1.3 Loss of Power to One Primary Pump (B-3B)....... 139
4.2.1.4 Loss of Feedwater to A1l Modules Supplying
One Turbine, with Scram After Steam
Generator Dryout (B-5B)..cueeevenininnnnnnnnnnn 152
4.2.1.5 Loss of Feedwater to A1l Modules Supplying
One Turbine, with Thirty-Second Delayed
Scram (B-5B)ueuiriiiiiiiiiiiiiiiii et ennea. 163
SUMMARY AND CONCLUSION. st vttt teteinieeeveeenenuornennoseeananasannns 174
T S 1 T LY I 174
5.2 Phase Il.ieiieeiennnnnnnnn tecenssreesseraatceaccereasennenoasnns 177
T 1T L] I O 179
ACKNOWLEDGMENT . st ittt ittt ettt eeennneroneenaoeseasonaannnnans 180
o L RN 180

iv



10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

LIST OF FIGURES

ANL/MCTF Thermal-Hydraulic Model of GE/PRISM Advanced
REACTOT CONCEPL. euveeevevsaerersneassesasoneasacsnnssosssaveanansnns

PRISM Model Elevation with Dimensions of Key Features .............
Completed ANL Plastic Model of PRISM......civiviniinnnnieniaceenens

View of Lower Half of Containment Vessel with 60 kW Core
Heater Mounted in Place....eecvieerecsosnnns teteseansesenesecsasnas

PRISM Model on Test Stand Inserted in Lower Portion of
Containment Vessel..eseeeerenssensnsncennes cevenes veeeenes eeeseans

PRISM Model Housed in Containment Vessel Positioned on the
Test Stand of the ANL Advanced Reactor Test Center.......cceeeeuens

Closeup of a Pump Inlet and Oucted Pump Propeller........ teeese ceus
Closeup of Upper Plenum Floor Showing Pump Outlet Plenum...........
Kidney-Shaped IHX Outlets with Instrumentation.............c.c0ennn

View of One of Two Pump Exit Plenums and the Pumps that
Supply Flow to the Plenum. . .cceieceiuetrnrtnscneannsnanacannnsns ves

Locations of PRISM Thermocouples in ANL Model of PRISM........ veenn
Locations of PRISM Thermocouples in ANL Model of PRISM..... sasesnss
PRISM Model Pressure Taps/Oye Injection Ports......ceevecevenennnen
UIS Model Mounted on Thermocouple Sting.....ceeveueiinncecnens ceseen
Copper-Coil IHX Internals..cceeeeeeieeninscrenccnrocanccnocencannss
Complete IXH Model with Copper Coil Internals....... cesees ceessacee
View of IHX Inlet on Quter Radial Wall.....eeieiiienerninnnennncens
View of IHX Inlet on Inner Radial Wall.....ieiieereancnncennnacnenn

ANL Mixing Components Test Facility, 2000 gpm Thermal-
Hydraulic Transient Simulation Water LOOP.....ccvvuuueen Cesanes ceee

Simplified Schematic Diagram of the MCTF......ccvevvniennnns, ceseen

11
13
14

15

17

18
19
20
21

22
23
24
26
27
29
30
32
33

35
36



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

LIST OF FIGURES (Contd.)

PRISM Prototype Reactor Power for a Reactor Trip from Full
Power with Maximum Decay Heat (B-1A)........ Cereseennaneseaean rens

PRISM Prototype Sodium Flowrates for a Reactor Trip from Full
Power with Maximum Decay Heat (B-1A)......c.veu... teerrcsscnasennnn

PRISM Prototype Primary Sodium Temperatures for a Reactor
Trip from Full Power with Maximum Decay Heat (B-1A)..u.ieieevvunnenan

Reactor Power During A-4 Plant Unloading at 3% Per Minute
from 100 to 25% Power......evovunnnn O ceresrseaas

Sodium Flowrates During A-4 Plant Unloading at 3% Per
Minute from 100 to 25% Power........eevvue.. Ceteeecsteneensaneenan .

Primary Sodium Temperatures During A-4 Plant Unloading at
3% Per Minute from 100 £0 25% POWEY. . evvreiineernnnnennnn. cesecenns

Intermediate Sodium Temperatures DUring A-4 Plant Unloading
at 3% Per Minute from 100 to 25% POWEr....vvervueevnn.. cheesaseenen

Reactor Power Following B-1A Reactor Trip from Full Power with
Maximum Decay Heab......covviiiiirnnnnnnnnn Ceereserecrseenansenoann

Sodium Flowrates Following B-1A Reactor Trip from Full Power
with Maximum Decay Heat......... Chesrecriceasaarseeseana creerereaes

Primary Sodium Temperatures Following B-1A Reactor Trip from
Full Power with Maximum Decay Heat......... heesreassascsnearacsans

Intermediate Sodium Temperatures Following Reactor Trip from
Full Power with Maximum Decay Heat....eeeeneenneennnne e resetenne

Reactor Power Following B-5B Loss of Feedwater to A1l Modules
Supplying One Turbine, with Scram After Steam Generator
Bl T 1 et tecterscsnssaacan

Sodium Flowrates Following B-58 Loss of Feedwater to A1}l
Modules Supplying One Turbine, with Scram After Steam
Generator Dryout............... Ceeeesaseasrecsatnannn teeesatisesaea

Primary Sodium Temperatures Following B-5B Loss of Feedwater
to A1l Modules Supplying One Turbine, with Scram After Steam
Generator Dryout....ceerienennnnenennn. C it iecieeraeesanns teeecanas

Intermediate Sodium Temperatures Following B-5B Loss of

Feedwater to All Modules Supplying One Turbine, with Scram
After Steam Generator Dryout............. Cheehsetaeraacensanenonans

vi

49

50

51

53

54

55

56

57

59

60

61



36.

37.

38.

39.

40a.

40b.

41.

42.

43.

44,

45.

46.

47.

LIST OF FIGURES (Contd.)

Reactor Power Following B-5B Loss of Feedwater to A1l Modules
Supplying One Turbine, with 30-Second Delayed Scram......... ceconea 63

Sodium Flowrates Following B-5B Loss of Feedwater to All
Modules Supplying One Turbine, with 30-Second Delayed Scram........ 64

Primary Sodium Temperatures Following B-58B Loss of Feedwater
to A1l Modules Supplying One Turbine, with 30-Second Delayed
SO M et vt eovonsasosasasennscesasssoansssssossnsesonanncsassosns cesnans 65

Intermediate Sodium Temperature Following B-58 Loss of
Feedwater to A11 Modules Supplying One Turbine, with 30-Second
Delayed SCraM..u.v.ceeeseoneeessessocscsssassocasosssoacsssons cesens 66

Flowrate and Temperature of Fluid Entering PRISM Core from
the MCTF During the Start of JU1901............... Sessessnssasases . 10

Flowrate and Temperature of Fluid Entering PRISM Core from
the MCTF for JUIG0L. . i ieer i eessnoonoscessecrcnnssossnsncasassns 71

Development of Thermal Stratification in PRISM Model Cold
Plenum During a Constant-Flow Thermal-Upramp Transient
FOr JUIG0L .. ivtiesereneeanasnceasussancsosasovoassosasnssnsnancsnonss 72

Development of Thermal Stratification in PRISM Model Cold
Plenum During a Constant-Flow Thermal-Upramp Transient
FOr JU200L .. e i ssinseenoenenaneecesassacancssssansaossssnanasssssssnse 74

Development of Thermal Stratification in PRISM Model Cold
Plenum During a Constant-Flow Thermal-Upramp Transient
Lo LY ) 4010 2 O R T 75

Development of Thermal Stratification in PRISM Model Cold
Pienum During a Constant-Flow Thermal-Upramp Transient
FOr JUIO02,. . it enveneeanacosssaascanssossssasessssossosscssonnsoness 76

PRISM Model Temperature Behavior in Annular Overflow Gap When
No Overflow Occurs for a Thermal Upramp that Caused
Stratification in the Cold Plenum for JUI901l....ccvnvivvennns ceeeas 78

PRISM Model Upper Plenum Temperature Response to a Thermal-
Upramp Transient for JUIG0L. . ... ieeineiiiiiiniiiiiiiiiineeerananenn 80

Variation of PRISM Model Flow Radial Temperature in the Upper
Plenum at the Approximate Elevation of the IHX Inlets for
JUu1901........ heeesasecscsessetsestscsasnsesesascssnasssotsorras ... 81



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

LIST OF FIGURES (Contd.)

Vertical Variation of PRISM Model Flow Temperature on the
OQutside of the Radial Shield for a Thermal-Upramp
Transient for JUI90L. . it iiiinnteinnnnneneeaconocnnnn S - ¥4

PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for a Thermal-Upramp Transient for
Julgol ............. L IR I B A R B IR I B R I IR I I N I B B I R ) @ 94 4 E G0 e 00 00N e e 84

PRISM Model Temperature Responses at the Inlets and Outlets

-of Various Subregions for a Thermal-Upramp Transient for

‘]UZOO]- 0000000000000000000000000000 L L B I B I B R B B I B I B I I I B A ) 85

PRISM Model Temperature Responses at the Inlets and Qutlets
of Various Subregions for a Thermal-Upramp Transient for
U 0210 1 Geseseassesscecasssnsnsscas 86

PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for a Thermal-Upramp Transient for
JULG0Z . sttt ittt iiietteenaeeaesenssossecasscassessassasaonannsnes 87

Development of Thermal Stratification in PRISM Model Cold
PTenum During a Natural-Convection Transient for JY230l............ 90

Development of Thermal Stratification in PRISM Model Cold
Plenum During a Natural-Convection Transient for JY1501............ 91

Development of Thermal Stratification in PRISM Model Cold
Plenum During a Natural-Convection Transient for JY240l............ 92

Development of Thermal Stratification in PRISM Model Cold
Plenum During a Natural-Convection Transient for JY160l............ 93

PRISM Model Upper Plenum Temperature Response to a Natural-
Convection Transient for JY230L. .. vuuuurniniiiniiinriecsnenncnanens 94

PRISM Model Temperature Responses at the Inlets and Qutlets
of Various Subregions for a Natural Convection Transient for
JY 2306, s it itieaenneecanesaacccocsensocsssosscsoccnonsacassssacnnsns 96

Development of Thermal Stratification in PRISM Model Cold
PTenum During a Mixed Natural-Forced-Convection Transient
for JY2501...ciirinrenncnnncnnn Ceteeeeaaan Ceseeaciansstcenssasannna 99

Development of Thermal Stratification in PRISM Model Cold

Plenum During a Mixed Natural-Forced-Convection Transient
for JY2901...cuiiiiinennnnnnnnns Seeesensenssressenstsseseoarasnnane 100

viii



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

LIST OF FIGURES (Contd.)

Page
Development of Thermal Stratification in PRISM Model Cold
Plenum During a Mixed Natural-Forced-Convection Transient
for JY2801..ieveieccncncannas teesennes tecseennss Ceseanan cesaans ... 101
PRISM Model Upper Plenum Temperature Responses to a Mixed
Natural-Forced-Convection Transient for JY2501....eueienennnccncen 103
PRISM Model Upper Plenum Temperature Response (Off Centerline)
to a Mixed Natural-Forced-Convection Transient for JY290l......... . 105
PRISM Model Upper Plenum Temperature Response (Off Centerline)
to a Mixed Natural-Forced-Convection Transient for JY280l.......... 106
PRISM Model Upper Plenum Temperature Response (Off Centerline)
to a Mixed Natural-Forced-Convection Transient for JY2501.......... 107
PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for a Mixed Natural-Forced-Convection
Transient for JY2501 .. iueeeeeeiiriesnsseaseosencscsoscasnsascosans 108
Flowrate and Temperature of Fluid Entering PRISM Core from
the MCTF for AUD701. cvieeseeneeeeeasoaencaneassassasosonanansasnnns 110
PRISM Model Cold Plenum Temperature Response to a 100 to 25%
Power Reduction Transient for AUO70l. ... iiiiirrieiieennncnnecacnans 111
PRISM Model Upper Plenum Temperature Response (Off Centerline)
to a 100 to 25% Power Reduction Transient, as a Function of
Elevation, for AUO70L. .. .vuininnnnennenennn beasssessssnsacsonsnene 112
PRISM Model Upper Plenum Temperature Response to a 100 to 25%
Power Reduction Transient, as a Function of Radial Location,
FOr AUD70L .. v seveeeenseonesasscsesassscsonssssasosssassssnassssans 115
PRISM Model Temperature Responses at the Inlets and Exits of
Various Subregions for the 100 to 25% Power Reduction
Transient for AUQ701........ Chessessesseatrecasanns Ciesecsens eeses 116
Fiowrate and Temperature of Fluid Entering PRISM Core from
the MCTF for AP2001...... Ceerenssetseanonnans eersecssaanenseansns .. 119
PRISM Model Lower Plenum Temperature Response to a 100 to 25%
Power Reduction Transient for AP200l.............. teteeane crsesnans 120
PRISM Model Upper Plenum Temperature Response (Off Centerline)
to a 100 to 25% Power Reduction Transient, as a Function of
Elevation, for AP200]l...cinieinrnnennerncnrocnnnns Criececsnsean eees 122

iX



75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

LIST OF FIGURES (Contd.)

Page

PRISM Model Upper Plenum Temperature Response to a 100 to 25%

Power Reduction Transient, as a Function of Radial Location,

for APZOO]— 00000000000000000000000000000000 « v e oo v * 8 06 20 deowE 00 e LI 123

PRISM Model Upper Plenum Temperature Response to a 100 to 25%

Power Reduction Transient, as a Function of Elevation,

for AP2001 .............................. ® ¢ 00 Qe 04 re s 0 o 90 00 * e e e 124
~ PRISM Model Upper Plenum Temperature Response at Midelevation

in the Overflow Gap for AP200l......... ceeenaan Cerrectannsnens vesss 125

PRISM Model Temperature Responses at the Inlets and Exits

of Various Subregions for the 100 to 25% Power Reduction

Transient for AP2001....ccvivnernennnnn. teseenaees teveas S aras s .. 126

PRISM Model Temperature Responses at the Inlet and Outlet

of the IHX Heat Sinks, Together with the Flowrate,

for APZOOI ........ ® 4 99 S0 et e * % 00 00 LB B N BN I R S R I Y * ® ¢ 80 06 AP O oo 127

PRISM Model IHX Heat Sink Capacity, as a Function of Time,

for APZOO}- ....................... P e 00 00 0 e 80000 LR B R B B BRI N I N Y 128

Flowrate and Temperature of Fluid Entering PRISM Core from

the MCTF for MY2001 During Initial Portion of the Transient........ 131

Responses of Thermocouples in the Lower Plenum at Various
Elevations Inside the Radial-Shield Liner for MY2001l.....c.veueunv.. 132

Responses of Thermocouples in the Upper Plenum at Various
Elevations for MY200 L. .. or e eiieeennenneneccnnnnes veesesense ceeees 133

PRISM Model IHX Heat Sink Capacity as a Function of Time
Lo L o T 135

PRISM Model Temperature Response at the Inlet and Qutlet
of the IHX Heat Sinks, Together with Flowrate for MY200l........... 136

Temperature Response of the PRISM Model Upper Plenum at
Midelevation in the Overflow Gap for MY2001l....... ceeseees cereeeens 137

Vertical Variation of PRISM Model Flow Temperature on the
Outside of the Radial Shield for MY200l.......... cesarecana cesaeean 138

PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for MY200l.......... ceenan srecssensesscnana .. 140

Flow and Temperature of Fluid Entering PRISM from the MCTF
for JUO301 During Initial Portion of Transient...i.eeeceenenneeennn 142



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

LIST OF FIGURES (Contd.)

Page
Responses of Thermocouples in the Lower Plenum at Various
Elevations Inside the Radial-Shield Liner for JUO30Ll.........c..n.n 143
Responses of Thermocouples in the Upper Plenum at Various
Elevations for JUO30L. . eeeeenneiisscansenssscccscsnsansaasassnnanns 144
Heat Sink Capacity of PRISM Model IHX as a Function of
Time for JUO30L....... teeeesaseseseastossasensnnstasarsanassonsosas 145
Temperature Response of the PRISM Model at the Inlet and
Outlet of the IHX Heat Sinks, Together with Flowrate
for JUO301..veeeeeroensecvensncncannsocans Cesressasanes eerasneaes 147
Temperature Responses of the PRISM Model Upper Plenum at
Midelevation in the Overflow Gap for JUO30l.......ccvveennns ceeeena 148
Vertical Variation of PRISM Model Flow Temperature on the
Outside of the Radial Shield for JU030Ll........... Ceceeeasasasecann 149
PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for JUO30l......eveeeinnennniiinnnnnnns cetiens 150
Flowrate and Temperature of Fluid Entering PRISM Core from
the MCTF for JU0901 During Initial Portion of Transient.......... .. 1563
Thermocouple Responses in the Lower Plenum at Various
Elevations Inside the Radial-Shield Liner for JU0S01....... cevees .. 154
Thermocouple Responses in the Upper Plenum at Various
Elevations for JUO90Ll....ouviininnnanennns wiessssesssrsscioasrensse 156
PRISM Model IHX Heat Sink Capacity as a Function of Time
for JUOQOIQOOO 000000000000 S 69 S A OB PR SRS e LR N B L I *« 00 00 157
PRISM Model Temperature Response at the Inlet and Outlet
of the IHX Heat Sinks Together with Flowrate for JUQ90L....... eeas. 158
PRISM Model Upper Plenum Temperature Response at
Midelevation in the Overflow Gap for JU090Ll.......... Ceeesseseaaans 159
Vertical Variation of PRISM Model Flow Temperature on the
Outside of the Radial Shield for JUO90L......ccovveivnanns P 161
PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for JUO901...... O . 162

Xi



105.

106.

107.

108.

109.

110.

111.

112.

LIST OF FIGURES (Contd.)

Page

Flowrate and Temperature of Fluid Entering PRISM Core from
the MCTF for MY2801 During Initial Portion of Transient............ 164

Thermocouple Responses in the Lower Plenum at Various
Elevations Inside the Radial-Shield Liner for MY2801......00veune.. 165

Thermocouple Responses in the Upper Plenum at Various
Elevations for MY2801......cvuvvnunnnn cresesaan tesssescssssesccnnns 167
MY2801 ooooooooooooooooooo ¢ a0 s 0000 0 8 TP OO P NG E PSR P NPOETEEN OO OSSN L] 168

PRISM Model Temperature Response at the Inlet and Outlet of
the IHX Heat Sinks Together with Flowrate for MY2801.......00000e.. 169

PRISM Model Upper Plenum Temperature Response at Midelevation
in the Overflow Gap for MY280l........ creecesena cesecssssenscnssess 170

Vertical Variation of PRISM Model Flow Temperature on the
Outside of the Radial Shield for MY2801......... cretecscanas ceeeese 171

PRISM Model Temperature Responses at the Inlets and Outlets
of Various Subregions for MY280l.............. tevsesccnsrseenserses 173

Xii



IT.
ITI.
Iv.

VI.

VII.

LIST OF TABLES

PRISM Model Operating Conditions and Similarity Parameters
for Full Power and FIOoW...eoeveecceenonncaans cesessseereen cectanas .

PRISM Model Core Temperature Rise........... cessscnsssons vecasane .o
Dimensions of PRISM Circular-Cross-Section FeatureS............. e

Nondimensional Parameters for the Constant Flow Thermal
TransientS..eeeaeene cseaces eeceseences cearesssaas cesranenne e esees

Nondimensional Parameters for the Natural-Convection
TransientS.eceeecacssconse seevees seevsossssssensan cecsossssescesanns

Nondimensional Parameters for the Mixed Natural-Forced-
Convection TransientS...eccoun. ceeseesens coessassessaes ceeeesene vesane

PRISM Phase II Tests: Transient Type, Simulated Core
Temperature Difference, and Heat Sink Capacity of IHX's......... oo

xiii

12

69

89

98



Xiv



NOMENCLATURE

a area

Cp specific heat

d diameter

f friction factor

g gravitational constant

h surface heat transfer coefficient
k thermal conductivity

K pressure loss coefficient
q heat flow per unit length
L length

Q flowrate

p power

t time

T fluid temperature

AT temperature difference

u flow velocity

Nondimensional Parameters

GR = geATa3/v2 Grashof number

Pe = Re Pr Peclet number

Pr = v/a Prandtl number

Re = ug/v Reynolds number
Ri = gBlAT/u? Richardson number
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NOMENCLATURE (Contd. )

Greek Symbols

a thermal diffusivity

B coefficient of volumetric thermal expansion
8 conduction Tayer thickness

L characteristic dimension

p density

Ap density difference

v kinematic viscosity

Subscripts

c denotes cold fluid conditions
core denotes value in core barrel

gap denotes value in radial gap between radial shield and containment vessel

h denotes value associated with heat transferred
H denotes hot fluid conditions

i denotes different components

M denotes model value

0 denotes characteristic value

p denotes prototype value

R denotes ratio of model to prototype

S denotes a solid
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PRISM THERMAL-HYDRAULIC (FORCED AND NATURAL CONVECTION)
COMPLETE IN-VESSEL-MODEL PERFORMANCE TESTS:
PHASE I AND PHASE 11

by

J. J. Oras and K. E. Kasza

ABSTRACT

In FY 1985, the U.S. DOE directed the Argonne National
Laboratory (ANL) Flow and Mixing Processes Program to utilize its
Mixing Components Test Facility (MCTF) to support the needs of
the new Advanced Concepts Reactor Program for development of
inherently safe, cost-competitive reactors. In cooperation with
GE, a test program was developed to support PRISM, one of the
advanced-concepts 1liquid metal reactor designs. The broadly
stated objective of this program is to use the ANL/MCTF for
transient and steady-state thermal-hydraulic tests, conducted in
a scaled water model of the PRISM/RV and all major in-vessel
components, to explore important high- and low-flow natural-
convection operation scenarios for assessing factors that
influence thermal-hydraulic performance, reactor coolability, and
structural thermal distributions. This paper describes the ANL
PRISM model and the results obtained from both Phase I and Phase
11 of the thermal-hydraulic test program.

A transparent plastic (polycarbonate and cast acrylic),
1/5.24-scale model of the GE/PRISM advanced reactor was
constructed at ANL. This model can be altered to reflect the
evolving design. A1l major in-vessel components are represented
in this model, which fits in a two-piece cylindrical containment
vessel with large windows for laser flow visualization. The
reactor core is simulated by a 60-kW electrical-resistance
immersion heater with computer-interfaceable SCR power control.
Computer-controlled forced flow is provided in two ways: for
low-flow conditions, four in-vessel pumps (propellers driven by
1/4-hp dc motors with SCR controllers) are used; and for high-
flow conditions, the MCTF water loop is used. Computer control
of the immersion heater, in-vessel pumps, and the MCTF allows
transient simulations. The two IHXs are designed to contain heat
sinks, and the cold wall of the containment vessel simulates
cooling by the RVACS. This model is the most complete thermatl-
hydraulic water model built to date for a U.S. DOE LMR program.

A complete geometric model was built because the thermal-

hydraulic performance of one subregion of the prototype under a
variety of conditions will depend upon the conditions that
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prevail elsewhere in the reactor. Therefore, any similarity
analysis of the model design should consider the whole RV. A
one-dimensional similarity analysis, applicable to such a
complete system, has been followed in developing the PRISM model.

Phase 1 tests facilitated the shakedown process and the
development of many complex control features and subsystems which
have been incorporated in the PRISM model. The Phase I tests
also highlighted specific thermal-hydraulic phenomena of
potential interest to designers. The tests were conducted in the
following general categories: isothermal flow distribution, hot
plenum free-surface behavior, constant-flow thermal transients,
natural-convection flows, and mixed forced-natural-convection
flows. Phase II tests consisted of simulations of five
prototypic transients which were chosen by GE because their
severity and frequency of occurrence could pose potential design
concerns such as stress problems caused by rapid temperature
changes and inadequate heat rejection due to inadequate flow. A
stratified hot/cold interface formation in the cold plenum,
backflow 1in a shut down pump, and unanticipated naturail-
convection currents in the overflow gap are some of the phenomena
that were discovered during these tests. These phenomena will be
highlighted because of their possible importance to the designer.

Xviii



1.0 INTRODUCTION

The DOE/LMR program has embarked upon a new initiative to develop an
innovative advanced-concept reactor. DOE has awarded development contracts to
GE (PRISM), Al (SAFR) and ANL (IFR) for development of inherently safe, cost-
competitive reactors. A1l reactor concepts are of the pool type with the IHXs
and primary pumps immersed in sodium within the reactor vessel (RV). Hence,
in order to establish the reliability and inherent safety of a reactor
concept, it is very important to know the thermal-hydraulics that are
associated with the interplay and feedback between these components and the
plenums, the core, other in-vessel structures, and the heat transfer from the
RV walls to the ambient. The new designs must be able to ride out, with
minimal operator intervention, such events as a loss of normal heat sink with
reactor scram or a loss of coolant pumping power and normal heat sink with
failure to scram by relying on passive means for heat rejection from the RV.
As a consequence, knowledge of the temperature and flow distributions during
these low-flow, transient and steady-state, mixed- and natural-circulation
flow conditions is essential to the validation of the core coolability and
component and structural performance under conditions of possibly detrimental
thermal distributions and to the provision of information to aid in the
development and validation of the COMMIX thermal-hydraulic computer code.
Additionally, the influence of individual IHX, pump, and internals design and
placement on general thermal-hydraulic performance and reliability of the
system as well as the individual components must be assessed.

In FY 1985 the U.S. DOE directed the ANL Flow and Mixing Processes
Program to utilize its Mixing Components Test Facility (MCTF) to support the
needs of the new Advanced Concepts Reactor Program for development of
inherently safe, cost-competitive reactors. In cooperation with GE, a test
program was deve1oped to support PRISM, one of the advanced-concepts reactor
designs. The broadly stated objective of this program is to

conduct, in the ANL/MCTF,

transient and steady-state thermal-hydraulic scaled water model
tests of the PRISM/RV and all major in-vessel components for
important high- and low-flow natural-convection operation scenarios

for assessing factors that influence:



Thermal-hydraulic performance
Reactor coolability
Structural thermal distributions.

A single RV test model was used because the flow and thermal behavior in
a given subregion are the result of complex interactions with and feedbacks
from the rest of the RV. With separate subregion models, it would be very
difficult to properly simulate inlet and outlet conditions for these models.
Simulations of PRISM in-vessel thermal-hydraulics, under key postulated
reactor operation scenarios, are required to provide GE/PRISM designers with
performance information that is vital to the assessment of the workability of
the various design features that are being incorporated into their innovative,
inherently safe reactor and of the workability of the system as a whole. The
model being tested will be altered to incorporate new features that are
compatible with the evolving PRISM design.

The ANL/MCTF, as a result of its pioneering studies [1-18] over the last
seven years on thermal-buoyancy effects in reactor components (i.e. IHXs, SGs,
piping, and plenums), has developed unique, broad experience relative to the
understanding and study of transient thermal-buoyancy effects in reactor
components. These studies focused on such things as

- Pipe flow stratification that produces pipe stress and influences
energy transport between components

- Steam generator and heat exchanger flow channeling and instabilities
that cause tube bundle and tube sheet thermal stress

- Stratification of pipe flow/plenum interface recirculation zone,
which causes nozzle stresses

- Large scale periodic eddies that strongly influence thermal-plume
behavior and plenum mixing

- Thermal-buoyancy-force-induced laminarization of stratified shear
layers, a mechanism that mitigates thermal striping and reduces

plenum mixing

- Thermal-buoyancy-force suppression or enhancement of heat transfer
under low flow, which influence the overall heat transfer of the
heat exchanger



- Buoyancy-induced recirculation zones in baffled tube bundles and
other components, which reduce heat transfer and produce radial
temperature variation and "cold" spots.

In the pool reactors currently under development, many of the above
phenomena can potentially occur within the RV and interact in a complex manner
because of the proximity of components and the multiple flow paths between the
various subregions of the RV. ANL is studying these phenomena in the PRISM
reactor. The following sections describe the ANL program that is being
conducted in support of PRISM and report results from phenomena-scoping tests
(i.e., Phase 1 tests) and tests on simulated prototypic transients (i.e.,
Phase II tests).

2.0 BACKGROUND

In general, with its PRISM in-vessel scaled model thermal-hydraulic
tests, ANL is addressing such matters as

i) Characterization of hot, intermediate, and cold plenum mixing,
thermal distributions, and location of stratified interfaces with
time for the various reactor steady and transient events

ii) Influence of stratified interface locations on (a) flow and
thermal ramps into and out of IHXs, pumps, and the core, and at
other critical 1liquid/solid-structural interfaces (i.e., redan),
(b) availability of in-vessel heat sinks associated with structure
and sodium, and {c) reactor vessel heat-rejection capability to
ambient air by means of the GE/RVACS

ii1) Influence of flow path resistance (both the level and possible
disparity between paths comprised of IHX, pump, and core) between
hot and cold plenums on (a) general reactor coolability, (b)
start-up time constant for natural-circulation flow, and
(c) potential for multiple flow-path-created flow instabilities or
reverse-flow siphoning or blockage (produced, for example, by
thermal distributions in the IHXs prior to transition to the
natural-convection circulation mode which setup flow-opposing
thermal density heads)



vi)

vii)

viii)

Influence of upper internals structure (UIS) design on upper
plenum mixing and thermal distributions

The question, can a core/upper-hot-plenum recirculation loop be
formed which may short circuit the preferred flow paths {(through
IHXs and pumps) between upper and Tower plenums and thereby reduce
heat sink availability and/or core hot spots?

Influence of proximity and grouping of outlets and inlets of IHXs,
pumps, and core on (a) potential for flow shunting (unequal flow
split between the flow paths connecting the hot and cold plenums)
and (b) on mixing in the plenums

Characterization of the potential for cover-gas/sodium interface
flow disturbances and gas entrainment at high flow

Simulation of a "cold" RV wall (the result of air cooling in the
prototype, RVACS) to allow assessment of the influence of wall-
driven, in-vessel, natural-convection currents on (a) plenum
stratified-interface behavior, (b) heat rejection to ambient, and
(c) temperature distribution in annular overflow gap.

The use of select sets of experimental data to assist in further
validating the COMMIX code which is currently being used to guide
design of the PRISM prototype.

The PRISM test model in which these studies are being conducted was

completed at ANL in April 1986. The testing of this model {i.e., Phase I
tests which consist of shakedown and phenomena-scoping testing) and its

alteration (which included installation of operational IHX's) to reflect the

evolving PRISM design (i.e., Phase II tests which consist of simulations of

five prototypic transients) continued in FY 1987. Testing continues in

FY 1988 (Phase IIl)} and whereas the nature of the Phase III activity is
described in Sec. 5.0, this section gives details of the modeling laws that
were utilized, the model description, the test facility, the possible modes of
model operation, and the transients of interest for Phase I and Phase II.

2.1

Modeling

The pertinent similarity parameters that were used in modeling the PRISM

prototype are highlighted and their values for the ANL model are presented.



ANL has built a thermal-hydraulic water model of the complete RV and all
the essential internal features of the PRISM prototype. A complete geometric
model has been built because the thermal-hydraulic performance of one
subregion of the prototype under a variety of conditions will depend upon the
conditions that prevail elsewhere in the reactor. Therefore, any similarity
analysis of the model design should consider the whole RV. A one-dimensional
similarity analysis applicable to such a compiete system has been followed in
developing the PRISM model [19].

2.1.1 General Similarity

A nondimensionalization of the governing one-dimensional conservation
equations for a flow yields the following modeling similarity parameters:
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In addition to these parameters, geometric similarity is also required between
the model and the prototype.

It is obvious from an examination of these parametric groups that a
Reynolds number, Re, does not appear in the equations. Because the analysis
is one-dimensional, Re, which normally appears because of the boundary layer



type shear zones, enters only implicitly through the boundary conditions. By
the same token, the Prandtl number, Pr, enters through the surface heat
transfer coefficient, h.

The steady-state solutions of the conservation equations provide for 874
the scaling temperature differential, and, u,, the scaling velocity. These
are given by

2.1.2 PRISM Similarity

Complete similarity between model and prototype is achieved by matching
all the above parametric groups of the model, M, to those of the prototype,
P. The resultant ratios are defined by the subscript "R". It is generally
accepted that, for complex thermal-hydraulic models, complete similarity
cannot be achieved.

Furthermore it is often the case that different materials are utilized in
fabrication of the model {(e.g., glass or plastic in the model versus steel in
the prototype). From the governing equations, it can also be shown that the
following geometrical parameters should be satisfied for complete similarity:

(a;72,)y )

AiR = TE;7E;7; =1 (kinematic similarity from continuity)

tg = 2%/(volumetric flow)p

() Li/Aidg =1



i, = Lgp = 1 (for dynamic similarity from the momentum equation)

R
(] Fy/Aidg = L
:

The last condition is satisfied by flow resistance orificing of the PRISM
test section components to ensure proper pressure drops around the flow
circuits of the model. Because the friction and form contributions to F; are
very complex, model and prototype similarity could not be achieved exactly
over the entire flow range but was achieved at a point corresponding to 10% of
prototype flow. Resistance orificing has been used in the model core and the
IHXs.

It can be shown that once R;p =1 is satisfied (i.e., that Richardson
number similarity exists between model and prototype), the correct similarity
in Uorss the reference velocity, is established. Hence, maintaining Rip = 1
was a key constraint in designing the PRISM model and in conducting the tests.

The ATOR, the reference temperature ratio between model and prototype to

satisfy Rsp = 1, is thus given by

AT o = T om - 1 or SoR
oR AT oR on R YoR doR

op

This condition was used to establish power requirements for the electrical
heater in the PRISM model.

For the PRISM model, similarity in the following parameters was not

maintained:
Stip # 1
Tip # 1
Big # 1

QsoR 1.



However, once the model is fully specified (i.e., scale, materials,
temperature, power, flow) the model/prototype parameter ratios can be
evaluated to check on distortions between model and prototype.

It is generally agreed that full similarity in StiR and BiR is difficult
to attain in complex thermal-hydraulic-model testing. Because these two
parameters signify the temperature drops at and in the walls, in an attempt to
simulate buoyancy around the PRISM f1low circuits, their full satisfaction is
not of first order importance. The simulation of this buoyancy is achieved by
maintaining R;p = 1 and the pressure ratio (Z Fi/Af]R = 1 in the PRISM model
tests. !

A computer program was written to explore the model/prototype similarity,
and the tradeoffs for various model designs and sets of facility control
parameters. For example, PRISM size scale ranging from 1/5 to 1/25, with
variations of the model core test section power of 1000, 500, 100, 50, and
10 kW, was explored. The computer code was also used to calculate such
quantities as velocity, core temperature rise, pressure drop, and flowrate in
the model for these different parameters as well as the similarity parameter
ratios.

The collective consideration of the resulting information and the MCTF-
imposed operating conditions led to fixing the PRISM model design as
highlighted by the parameters given in Table I.

Table I. PRISM Model Operating Conditions and Similarity
Parameters for Full Power and Flow

Scale = 5.24

P = 275 kW

Q = 128 gpm

AT = 14.7°F

Ug = 0.086

apg = 0.0085

QR = 0.00313 .
ReR = 0.046

Pep = 7.41

tp = 2.22

ST, = 1.69




The actual prototype/model geometric scaling ratio is 5.24. Prototype
full flow and power are represented in the model by 128 gpm and 275 kW,
respectively. Also, an event in the model takes 2.22 times longer to occur
than in the prototype. Table II shows the model core temperature rise over
its operational range for various combinations of flow/power ratio. Under
conditions of flow/power match, the model core temperature rise is 14.73°F.

Table II. PRISM Model Core Temperature Rise

Power, %
Flow, % 100 60 40 20 10 5 3
100 14.73 8.84 5.89 2.95 1.47 0.74 0.44
60 24.55 14.73 9.82 4.91 2.46 1.23 0.74
40 36.83 22.10 14.73 7.37 3.68 1.84 1.10
20 73.66 44,19 29.46 14,73 7.37 3.68 2.21
10 147,31 88. 39 58.92 29.46 14.73 7.37 4.42

294,62 176447 117,856 58.92 29.46 14.73 8.84
491,04 294,62 106.42 98,21 49.10 24.55 14,73

The areas below the solid lines in the columns are operationally
forbidden because of excessive temperature rises which can result in boiling
and/or softening of the plastic model.

The 10% power and flow condition (i.e., 27.5 kW and 12.8 gpm) is the
operational dividing point between the externally driven and the internally
driven test section mode of operation (see Sections 2.4 and 2.5 for greater
detail).

2.2 Model Description

2.2.1 Phase 1

A 1/5.24 scale model of the PRISM advanced reactor design, based on the
GE 1985 reference design, was constructed of transparent plastic
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(polycarbonate and cast acrylic). A1l major in-vessel components are
represented except the active IHX heat sinks. The model fits in a two-piece
cylindrical containment vessel (41-3/4 in. 1D, 9-1/2 ft tall) with large
windows that are used for laser flow visualization. The vessel is described
in more detail in Section 2.3. The reactor core is simulated by a 60 kW
electrical-resistance immersion heater with computer-interfaceable SCR power
control. Computer-controlled forced flow is provided in two ways: for low-
flow conditions, four in-vessel pumps (propellers driven by 1/4-hp dc motors
with SCR controllers) are used; for high-flow conditions, the MCTF water loop
is used. Computer control of the immersion heater and pumps allows transient
simulations. The modes of operation used to simulate various transients are
described in Section 2.4. The two IHXs are designed to contain heat sinks
(installed in the Phase II testing), and the cold wall of the containment
vessel simulates RVACS cooling.

A schematic representation of the model, showing the modeled in-vessel
components, is presented in Fig. 1. Water flows up vertically in the 17-1/2-
in.-1D core barrel over the immersion heater elements, through the core
resistance simulator, and into the upper plenum. From the upper plenum it
flows into the two IHX inlets and proceeds downward where it empties via two
exit pipes per IHX into the annular region between the radial shield and the
containment vessel wall. It continues downward through this region until it
turns radially inward just below the radial shield, where it is drawn upwards
through the radial shield into four pump inlets. The flow leaves the pump
exit plena in the downward direction by means of eight core inlet pipes (four
pipes per pump exit plenum) to return either to the core or, by way of two
exit manifolds, to the MCTF, depending on the mode of operation (see
Section 2.4 for discussion on modes of operation). Included in the model is a
1/4 in. annular overflow gap for the study of transients involving RVACS
cooling. Perforated plates provide the proper pressure drops through the [HXs
(i.e., perforated plates are located at both the inlets and exits), and the
core (an 18-in.-tall cylinder with 30 equally spaced, circular perforated
p]ates; which fit in the core barrel). The pressure drop similarity is based
on Euler number matching between prototype and model at 10% flow. At the exit
of each of the four pumps, three rows of circular holes are drilled around the
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circumference, similar to the prototype. The dimensions of critical
components are indicated in Fig. 2 and Table III.

Table III. Dimensions of PRISM Circular Cross Section Features

Feature Dimension {(in.)

Core Barrel (ID)

Containment Vessel (1D)

Plenum Wall (0D)

Annular Overflow Gap

Radial Shield Wall (0D)

Pump Housing Pipes (ID)

Core Inlet Pipes (ID)

IHX Outtet Pipes (ID)

IHX Secondary Flow Pipes (0D)

IHX Centerline Circle Diameter

Pump Housing Centerline Circle Diameter
Core Inlet Pipe Centerline Circle Diameter

w 5D
+ e v e
(8]

. .

CLOWAWNWE O~

L ]

COCOWRNNTORN RN ~WU
N

w N W

The completed plastic model is shown in Fig. 3, prior to insertion as a
single unit into the containment vessel. Two kidney-shaped intermediate heat
exchangers can be seen (without cooling coils in place) in the top half of the
model, one in the forefront and the other in the rear. The radial shield and
the core inlet pipes are visible in the lower half of the model. Near the
bottom, in the core barrel, an inner tube serves as flow diverter. This inner
tube, when inflated, blocks off flow from the eight core inlet pipes and thus
allows the flow to be routed back to the MCTF. Near the bottom, outside the
core barrel, flexible metal ducting connects the core inlet pipes to the
return manifolds which route the flow back to the MCTF. Almost halfway up the
model, on both sides, pkope]]ers mounted on 1/2-in. shafts are visible. The
shafts extend to the top of the model where they are coupled to dc motors
(Tocated outside of the vessel) when the model is in the containment vessel
and the top cover is in place.

A view of the 60-in.-long lower section of the two-section containment
vessel is shown in Fig. 4. The 60 kW immersion heater is seen through the
windows, protruding from the center of the floor of the pressure vessel.
Large bolts in the foreground show the attachment of the vessel to the steel
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Completed ANL Plastic Model of

PRISM
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Fig. 4. View of Lower Half of Containment Vessel with 60 kW Core Heater
Mounted in Place
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support stand. Figure 5 shows the PRISM model sitting in the lower section of
the vessel. The PRISM model, with the upper half of the containment vessel in
place, is shown in Fig. 6, together with a view of the MCTF facility at the
right (described in Section 2.3). The left portion of the picture is the
Argonne Advanced Reactor Test Center (described in Section 2.3).

Various subregions of the model are shown in Figs. 7-10. Figure 7 shows
a pump inlet, near the center of the picture, with the propeller near the top
center. A view looking at an angle down on the upper plenum floor is shown in
Fig. 8. Kidney-shaped IHXs are located on both sides. In addition, in the
lower center of the photograph, a pump exit plenum (common to two perforated
pump outlet pipes) is visible together with the entrances to four core supply
pipes. The circular holes around the circumference of each pump exit are
clearly visible. Thermocouple Tlocations are also clearly visible. Figure 9
is a bottom view showing the two exits from a kidney-shaped intermediate heat
exchanger. Instrumentation, both thermocouple and pressure taps (or dye
injectors), are clearly visible. Ffigure 10 is another view of the pump exit
plenum (seen in the upper right) and the propellers of two pumps (seen in the
lower right).

Thermocouples are positioned at the entrance and exit of each subregion
of the model. Thermocouples mounted on vertical stings are used to measure
vertical temperature gradients that are encountered in thermal
stratification. Thermocouples mounted on horizontal stings are used to
measure radial or circumferential temperature gradients in key regions such as
near the welds of the IHXs to the reactor outlet plenum floor. The various
thermocouple locations on the model are shown in Figs. 11 and 12, together
with their designations. Thermocouples are also mounted on four movable
stings {rods with thermocouples mounted on them): two in the hot upper
plenum, off center (one on a radius through the center of an IHX, the other on
a radius midway between IHXs); one on the centerline protruding down the core
barrel to the top of the core heater; and one in the lower cold plenum near
the radial shield. The stings in the outlet plenum are mounted on the cover,
whereas the sting in the lower plenum is mounted on the floor of the
containment vessel. Strings of thermocouples are used in this text to denote
thermocouples mounted in & straight line (i.e., horizontal or vertical) on an
object such as the floor of a plenum or the radial shield liner.
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Fig. 5. PRISM Model on Test Stand Inserted in Lower Portion of Containment
Vessel



A33U97 3S3] 403DV3Y PIJURAPY INY 8Y3 3O
puR}S 1S3 BY] UO PAUOL]LSO4 |BSSIA JUBWULRIUOY UL PISNOY |3POW WSI¥d *9 Bt

18




19

49| |adousq dwng pajong pue 33|ul dwnd e jo dnasoly -/ *Hi4

HHEGHIN

TRTHABET

2453

Ragael




Core Bar'revl_

20

Closeup of Upper Plenum Floor Showing Pump Outlet Plenum

Fig. 8.
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Fig. 10. View of One of Two Pump Exit Plenums and the Pumps that Supply Flow
to the Plenum
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Locations of PRISM Thermocouples in ANL Model of PRISM

12.

Fig.
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The core barrel sting has radial arms at its lower extremity with a
series of thermocouples mounted on it to measure the uniformity of the core
flow temperature. The sting can be rotated to map out the entire core.

Pressure taps are located at the entrance and exit of key subregions (see
Fig. 13). These pressure taps can be used to inject dye to make time-of-
flight measurements and thus, to determine velocities in key regions.
Additional dye injectors on the rotatable vertical sting on the core
centerline (one on each of the four horizontal radial legs, at varying
distances from the centerline) are used to trace communication between
discrete core locations and the IHX inlets.

2.2.2 Phase 11

During the four- or five-month period after Phase I testing, evolving
PRISM design changes were evaluated with respect to their relative importance
to the ANL model. When a design change was thought to have a possible impact
on the thermal-hydraulic tests, it was included in the model after
consultation with GE. The following changes were incorporated in the ANL
PRISM thermal-hydraulic model for Phase II tests: increased simulated core
resistance, a UIS, heat sinks in the two IHXs, and modification of the inlets
to the IHXs. Each of these changes will be described in more detail in the
remainder of this section.

Phase I testing indicated that the core pressure drop was too low and
needed to be increased by approximately 50%. For this reason, 15 additional
circular perforated plates were added; thus, a total of 45 circular perforated
plates simulated the core resistance. Modeling required Euler number
similarily, and the increased core resistance satisfied this criterion.

The UIS was constructed of a 12-in. 0D, 54-3/4-in.-long, cast acrylic
plastic tube with a 2-1/2-in.-wide vertical slot, as shown in Fig. 14. The
slot simulates the opening in the UIS for refueling. The slot is divided into
thirds by two ribs of plastic to maintain the rigidity of the UIS model.
Circular discs, with 2-1/2-in.-wide radial slots, are attached to both ends of
the plastic slotted tube. A plug in the center of each of the end discs is
used to center the UIS model when mounted. The UIS is mounted on the center
thermocouple sting, which hangs from the centerline of the containment vessel
cover of the PRISM thermal-hydraulic model. Mounting the UIS on the center



26

PRISM Model Pressure Taps/Dye Injection Ports

Fig. 13.
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thermocouple sting allows repositioning of the UIS, both vertically with
respect to the core, and rotationally, so that the slot and dye injectors can
be rotated to any desired location above the core.

Copper coil heat exchanger internals were designed to reject
approximately 10-15% of simulated prototype full power (i.e., 27.5-40.8 kW) by
means of building cooling water (i.e., canal water). Approximately 118 ft of
soft copper tubing (3/8 in. 0D, 0.305 in. ID) was coiled in a rectangular
pattern to form a flat sheet which was then curved to the contour of the
kidney-shaped heat exchanger. Four such plates were bound together to form
the internals for each of the IHXs, as shown in Fig. 15. Baffling was
accomplished by placing stainless steel wool at alternating locations between
the four coiled sheets (as seen along the edge of the internals in Fig. 15) to
promote crossflow over the copper tubing, and by placing a stainless steel
perforated plate near the bottom of the internals to prevent the flow from
streaming directly into the two small circular exits of each IHX (as seen in
the lower portion of Fig. 15). One of the internals is shown in the plastic,
kidney-shaped IHX in Fig. 16. ~Three rubber deflectors are shown near the far
curved wall of the IHX; these are used to divert the flow back toward the
center of the internals. Any open space between the near curved wall and the
internals was filled in to prevent flow channeling, which would lessen the
effectiveness of the internals. The inlets of each of the four plates of each
IHX were fed from a common inlet manifold and, similarly, the outlets were
connected to a common outlet manifold. The total flowrate of the secondary
side of both IHXs was measured by a turbine flowmeter, and this flowrate,
together with the temperatures of the inlet and outlet manifolds, was
monitored by the Data Acquisition System (DAS), thus enabling the calculation
of the heat S{nk capacity during a simulation of a prototypic transient.

Finally, the GE [HX inlet design was changed from flow entering
vertically through the top of each IHX to flow entering radially inward near
the top of each IHX. With this design change, a concern developed about
possible choking of the flow that was going through the gap between the outer
IHX wall and the Tiner. For this reason, the gap was enlarged. In order to
conveniently accommodate these changes, a window was cut out in the upper
portion of the IHX outer wall (i.e., 12-1/4 in. from the top of the IHX or
l in. above the hot plenum floor) to increase the gap between the liner and
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Fig. 16. Complete IXH Model with Copper Coil Internals
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the outer IHX wall from 1/2 in. to 1-1/2 in. In this model design, core flow
has equal access to this gap from both, the sides and top of the IHX. The cut
out window and the associated ledge that is used to move the outer radial wall
inward is shown in Fig. 17. In order to have a more even split of pressure
drop across the IHX (i.e., half at the IHX inlet and half at the outlets), as
requested by GE, 63%-open-area, stainiess steel, perforated plates (0.156-in.-
ID holes and 20 gauge) were necessary in the 3-1/2-in.-ID IHX exits. Thus,
four circular discs were made, one for each outlet, to replace the higher
resistance discs that were used in Phase I. A 23%-open-area, stainless steel,
perforated plate (0.0625-in.-ID holes and 22 gauge) continued to be used for
the IHX inlets. A flow area of 60.25 sq. in. was necessary to give the
required pressure drop of 0.000221 psi at 10% of simulated full flow. In
order to obtain a uniform flow distribution within the area of the inlet, a
uniform staggered pattern of l-in.-ID holes in 5 rows was drilled around the
circumference of each IHX, over which the 23%-open-area perforated plate was
attached to provide the proper resistance. The vertical distance between

1 in.-ID hole centers was 1-1/4 in., and the horizontal distance between hole
centers was 2-1/4 in. The same hole pattern was used on both the inner and
outer radial surfaces of the IHX inlet. The inner surface had 25 holes (5
rows of 5 holes), as shown in Fig. 18, whereas the outer suface had 52 holes
(3 rows of 10 and 2 rows of 11 holes), as shown in Fig. 17. These holes are
located within a region between 1 in. and 6-1/4 in. above the hot plenum
floor. To avoid possible weakening of the model, the holes were not drilled
in the seams between the half cylinders that formed the sides of the IHXs and
the intervening curved plastic sheet. Thus, the inlet of the ANL model is
somewhat smalier than prototypic, but it retains the most important thermal-
hydraulic characteristics of the inlet. The perforated plate was mounted over
these holes to provide the proper resistance. Because of the gap modifica-
tion, the vertical cylinder, which is mounted on the IHX solid top, and
through which the inlets and outlets of the copper coil internals exit the
IHX, is centered on the solid top (see Fig. 16), not on the IHX.

2.3 Facility
2.3.1 Description of MCTF

The tests were performed in the ANL Material and Components Technology
Division's MCTF which is interfaced with the Advanced Reactor Test Center.
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The MCTF is a Tow-pressure (0 to 100 psig), low-temperature (40 to 240°F),
closed-system, circulating-water loop. Figure 19 is a photograph of the
facility. A simplified schematic diagram of the Toop is shown in Fig. 20.

The flow from a 2200-gpm (454—m3/hr) pump is split into two streams: one
stream goes to a controllable steam-heated heat exchanger; the other goes to a
controllable water-cooled heat exchanger. The hot, QH, and cold, QC streams
at temperatures Ty and T go to separate 3000-gal (11.356~m3) reservoir tanks,
from which flows at the two respective temperatures and desired flowrates can
be supplied. The supply-line flowrates are measured with turbine ‘
flowmeters. The return leg to the pump contains an ASME orifice plate
flowmeter that can be used as a check on system flow.

The test facility can operate in two modes: steady-state and transient
computer-controlied.

2.3.1.1 Steady-State Mode

In this mode of operation, fluid streams, at individually selected
constant flowrates and constant temperature, can be delivered to a test
section. The streams can be set at the supply tank temperatures, Ty and Tc,
or the flow from the two tanks can be combined by means of valves to achieve
intermediate temperatures.

2.3.1.2 Transient Computer-Controlled Mode

The transient streams are created by combining, at a given instant, the
appropriate relative amounts of Qy and Q; to obtain the desired instantaneous
flowrate and temperature. Control valves and turbine flowmeters in lines A
and B are interfaced with the MCTF minicomputer system. A control loop
between the vaive and the flowmeter, in conjunction with computer~storéd
functions that describe the desired transient flow and temperature, a11ows-
transient simulation. The two transient-controlled streams are combined at
flow-mixer point C, and the resulting thermal-hydraulic transient is supplied
to the test section. )

In the MCTF, a high-speed minicomputer data-acquisition system
accumulates real-time data and provides after-the-fact analysis. The system
can currently accept up to 192 data channels. Signal conditioning in the form
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 Heat Exchanger
- Test Section

Computer DAS and
Facility Control Room

|

Pipe Stratification
~ Test Section

Fig. 19. ANL Mixing Components Test Facility, 2000 gpm Thermal-Hydraulic
Transient Simulation Water Loop
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of amplifiers and filtering is used. The channels are scanned and digitized
via an A/D converter. Scan times between consecutive readings for a given
channel, when 192 channels are used, can be as small as 20 ms. The data are
stored on hard-disk memory as well as on magnetic tape. MCTF computer
software allows engineering-units conversion, analysis of data, and plotting
of results, either at the experimental facility or on main computer at

Argonne.

Additional capabilities associated with the facility include the ability
to measure velocity distributions by means of laser doppler anemometry, hot
wire/film anemometry, or a laser flow visualization technique developed at
ANL. A high speed (12,000 pictures per second) video camera/image digitizer
for computerized image processing of flow field studies, together with a 4 W
argon-ion laser, is used in the laser flow visualization technique. In
addition, the facility can measure temperature and pressure via fast-response
thermocouples and pressure transducers, respectively. Software has been
developed to control the Toop and to acquire, reduce, and analyze the data.

2.3.2 Advanced Reactor Test Center

The Advanced Reactor Test Center was developed at ANL to test various
advanced reactor designs under thermal-hydraulic conditions that are provided
by the MCTF, as described in the previous subsection. The Test Center
consists of a containment vessel, immersion heater, dc pump drive motors, a
large steel stand, and associated plumbing. The heater and pumps are
computer-programmable and are operable from the facility computer. Various
plastic models of different advanced reactor designs can be inserted in the

containment vessel for testing.

‘The containment vessel is a two-section, 42-in.-00 cylinder made of
1/8-in. stainless steel; one 54 in. long, the other, 60 in. long. Each
section is flanged at both ends to permit flexibility in stacking and
orientation. Large windows, made of 1-in.-thick polycarbonate, provide access
for flow visualization. Three windows are positioned vertically; two in the
60-in.-long section, for viewing critical subregions of the model. The
pattern of window placement is repeated in each quadrant of the vessel, for a
total of 12 windows. The vessel top cover is made of 1-in.-thick
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polycarbonate (for viewing) whereas the bottom is made of l-in.-thick
stainless steel. The containment vessel, Advanced Reactor Test Center, and
MCTF are shown in Fig. 6. The plastic PRISM model is inserted or removed from
the vessel as a complete unit by means of three eye bolts (see Fig. 3).

The containment vessel sits on an 8-ft-square, 36.5-in.-high steel
stand. The stand allows access for viewing around the vessel and room under
it for mounting the immersion core heater and plumbing to the MCTF loop. The
60 kW immersion heater is mounted vertically through the center of the vessel
bottom. In the open system mode of operation, flow from the MCTF proceeds
vertically upward, channeled by the core barrel that is over the heating
elements. The active heat element zone occupies a 10-in.-dia, 14-in.-high
volume, positioned so its thermal center models the PRISM prototype. The
return flow line from the vessel to the MCTF has two pneumatic valves in
parallel, located under the stand, for isolating the vessel from the MCTF loop
when the vessel is used as a closed system.

Four 1/4-hp dc motors, mounted on the vessel cover, turn four 3-in.-
diameter propellers, located in the PRISM model, to simulate internal pump
flow at Tow flow (~0-10% of full flow). The pumps (i.e., dc motors) and the
immersion heater have controllers that are under computer command.

2.4 Modes of Operation

The PRISM thermal-hydraulic model can be operated in three distinct
modes: externally driven forced flow, internally driven forced flow, and
internally driven natural-convection flow. Various combinations of these
modes are also possible.

In the externally driven forced flow mode, high to intermediate flowrates
are supplied to the PRISM core from the MCTF under computer control. The flow
passing through the model is returned to the MCTF via the two exit manifolds
that are located in the cold plenum (see Fig. 1). This is accomplished by
inflating the inner-tube flow diverter that is located in the core inlet pipe
region, and opening the two MCTF return pneumatic valves. This allows the
flow collected in the two manifolds to exit the model. In this mode, the
flowrate and the temperature of the flow supplied to the core are controlled
by the MCTF thermal-hydraulic system and minicomputer as a function of time.



39

In the second mode (internally driven forced flow), the PRISM model is
isolated from the MCTF by closing the two MCTF return pneumatic valves outside
the model and deflating the flow diverter inner tube to allow flow through the
eight pipes that supply the core. In this mode, low-level forced flow and
transition to natural circulation are provided by four internal pumps (i.e.,
four propellers driven by dc motors), a core immersion heater as the heat
source, and two IHX heat sinks (for Phase II). Both the flowrate provided by
the dc-driven pumps and the power supplied by the immersion heater are
control1ed in this mode by the MCTF minicomputer as a function of time.

In the last mode, internally driven natural convection, the situation is
the same as in the second mode except that no internal pumps are operating.
The natural convection is driven by the temperature differences caused by the
core heater, the intermediate heat exchangers, and the RVACS simulated by the
cold RV wall. For complex test scenarios, a given transient can be composed
of all three modes of operation. The next subsection gives an example of how
a prototype reactor transient is simulated.

2.5 Prototype Transients of Interest

GE identified for ANL the following seven prototype transients, whose
severity was judged by GE to be of potential concern to the designers:
1. Plant unloading at 3% per min from 100 to 25% power (A-4)
2. Reactor trip from full power with maximum decay heat (B-1A)
3. Loss-of-flow without scram or SAS activation at EOEC
4, Loss of heat sink without scram or SASS activation at EQOEC
5. Loss of power to one primary pump (B-3B)
6. Loss of feedwater to all modules supplying one turbine, with scram
after steam generator dryout (B-58), and
7. Loss of feedwater to all modules supplying one turbine, with 30-s-
delayed scram (B-5B).
ANL evaluated the transient descriptions that were provided by GE. Based on
the highest priority needs of GE and the capability of the ANL facility,
transients 1, 2, 5, 6, and 7 were simulated as part of the Phase II testing of
PRISM.
Transient 2, B-1A, is used as an example of how the Advanced Reactor Test
Center simulates a transient. Figures 21 through 23 define the GE prototype
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transient B-1A. The modeling described in Section 2.1 requires that the ratio
of model to prototype Richardson numbers be unity. This criterion can be
satisfied for every instant during a transient in which the model is isolated
from the MCTF (i.e., natural-convection and mixed natural-forced-convection
flows). For these types of transients, the flow-driving forces are supplied
internally, and most importantly, the thermal-driving temperature difference
exists in the model (i.e., core and IHX inlet/outiet temperatures). When the
model is interfaced to the MCTF (necessitated by the fact that 100% power
could not be supplied by the immersion heater), the thermal driving force is
absent, unless it is fictitiously introduced prior to initiation of the
transient. Cold water, introduced in the flow path downstream of the IHXs
before transient initiation, can provide this thermal driving force. Through
Richardson number similarity, the 100% flowrate and core temperature
difference were determined to be 128 gpm and 13°F, respectively which results
in 100% effective model power of 275 kW. The hot and cold MCTF 3000-gal
reservoirs were filled with water at 100° and 80°F, respectively, to obtain a
transient flow from the MCTF which would vary in temperature from 100° to 87°F
(i.e., corresponding to the core temperature difference of the model). The
choice of reservoir temperatures directly affected the heat sink capability of
the IHX's and therefore, compromise was necessary. Neither the immersion
heater nor the IHX heat sinks are large enough to handle the 100%-power
conditions. Thus, the IHXs cannot maintain the cold water at 87°F. Since the
goal of PRISM testing is to study buoyancy-driven and buoyancy-moderated
flows, the high flows (i.e., 100% flows) are necessary only to set up the flow
patterns in the flow circuit, even though at these high flowrates Richardson
‘number similarity is not satisfied identically. At these high flows the
Richardson number is very small in both the model and prototype, indicating
‘that thermal buoyancy is negligible, and that the previous simplifications can
be supported. In the GE prototypic transient, a heat sink capacity of
approximately 11.7% of full power existed from approximately t = 47 s to

t = 302 s. Since there is currently no capability to vary the heat sink
capacity during the transient simulation, the value of 11.7% of full power was
judged to be an acceptable compromise, being valid for a considerable portion
of the transient near the time when flow and temperature in the reactor were
still varying dramatically. The prototypic temperature transient (shown in
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Fig. 23) was nondimensionalized with respect to the core temperature rise, and
the model transient followed this nondimensionalized temperature transient,
when the model core temperature rise was taken into consideration (i.e., 13°F
obtained through Richardson number similarity at 100% flow and power).
Indicated on Figs. 21-23 is the prototype time of 141 s, at which time, in the
model simulation (i.e., 313 s), the mode of operation changes from an
interface with the MCTF to a completely closed system. Also indicated is the
prototype time of 31 s, at which time, in the model simulation (i.e., 68.7 s),
the immersion heater is turned on at a power level of 18.9 kW. A test was run
in the following manner: The heat sink capability was set up with 87°F water
from the MCTF flowing through the model at a flowrate of 26.7 gpm,
corresponding to the same flow condition in the prototype at which 11.7% heat
sink capacity existed. The flowrate of the cooling water in the model's IHXs
was adjusted to obtain this heat sink capacity (i.e., 32.2 kW). This setting
was not changed during the test. Initially, 100°F water from the MCTF was
circulated through the test section at 128 gpm for at least 15 min. At t =0
the flowrate and temperature of the water from the MCTF decreased at a
prescribed rate (i.e., follow the nondimensionalized equivalents of Figs. 22
and 23 respectively) that was controlled by the minicomputer until, at

t = 68.7 s, the immersion heater was turned on while the flow was still being
provided from the MCTF at a constant temperature of 87°F. The heat generation
at this time was 18.9 kW (corresponding to 4.4% of full model power). The
minicomputer then controlled the heat generation of the immersion heater and
the constant temperature flow from the MCTF until t = 313 seconds, which
corresponds to 10.3% of simulated prototype flow (model time is 2.22 times
longer than prototype time due to modeling laws discussed in Section 2.1). At
this time, the inner-tube flow diverter was deflated, the manifold return
valves to the MCTF were shut, and the pump motors were turned on (i.e., switch
from external to internal or closed-system mode of operation). At this time
the flowrate of 13.2 gpm was being dictated by the minicomputer. The power
and flowrate were then further decreased, as prescribed by the prototype
conditions (i.e., the nondimensionalized equivalents of Figs. 21 and 22,
respectively), since the simulation was under computer control. Computer
software, developed for the MCTF, was modified to control the immersion
heater, internal pumps and the MCTF flow control valves. During the preceding
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simulation of the B-1A transient, the minicomputer directly controlled
flowrate and temperature before t = 68.7 s; after t = 68.7 s, it controlled

core power and flowrate.

3.0 TEST OBJECTIVES

3.1 Phase I (Initial Scoping Tests)

During the initial phase of PRISM model testing at ANL, five types of
phenomena-scoping tests were conducted. These tests served two purposes.
First, they were less complex than tests associated with the full simulations
of prototype transients and thus facilitated the shakedown process and the
development of the many complex control features and subsystems which have
been incorporated into the PRISM model. Second, these tests isolated and
highlighted specific states of reactor prototype operation and the resuiting
thermal-hydraulic phenomena so that the absence or presence of the phenomena
that are of general of interest to designers (identified in Section 2.0) can
be rapidly identified as to whether or not they are potentially design
issues. These types of tests also aid in identifying which parameters control
a specific phenomenon. The five categories of phenomena-scoping tests are:
isothermal flow distribution, hot plenum free surface behavior, constant-flow
thermal transients, natural-convection flows, and mixed-forced natural-
convection flows. At the request of GE, the prototype transient A-4 (i.e.,
plant unloading at 3% per min from 100 to 25% power, see Section 2.5) was
simulated at the close of Phase I testing (i.e., just before PRISM was removed
from the containment vessel).

3.1.1 Flow Distribution

Isothermal flow tests were conducted to observe the flow distribution in
the PRISM model as a function of flowrate. The model was interfaced to the
MCTF facility. Information such as the effectiveness of mixing in certain
subregions or the presence of semi-stagnant or stagnant flow regions was
evaluated by observing dye that was injected into key regions. The presence
of semi-stagnant or stagnant flow regions at high or intermediate flow can
result in "hot" or "cold" spots under nonisothermal flow conditions; during
the transition to natural circulation, even larger flow field temperature
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differences can occur and create large thermal-buoyancy forces. Hence it is
important to know how these stagnant flow regions affect structural thermal
stress and the actual flow levels that are attained when the flow is reduced.

Another flow distribution concern relates to the hot plenum free
surface. Significant surface disturbances would indicate to the designer a
need for some kind of suppressor plate. Also, there is a concern that the
cover gas will be entrained into the sodium and ingested in the IHXs. Tests
were conducted at values of free surface Froude number of 20-30% of those in
the prototype.

3.1.2 Cold Plenum Stratification

Testing was conducted in which thermal upramps were superimposed on a
constant flowrate that was provided by the MCTF facility. The objective of
the testing was to observe the effect of the thermal transient on the flow and
thermal distributions in the cold plenum of the model. In particular, the
flow distribution tests described in Section 3.1.1 indicated that the cold
plenum flow turned radially inward just below the radial shield, after moving
vertically downward from the IHX exits, and then moved vertically upward
through the radial shield. In doing so, it left a volume of stagnant water
near the cold plenum fioor. The test described in this section was conducted
to observe the effect of thermal buoyancy, caused by temperature differences
between the stagnant region and the main flow circuit, on this stagnant
water. Thermal stratification is important in this region because of the
potential for inducing structural thermal stresses in the core inlet pipes,
nozzles, and critical weld regions. Furthermore, there is a potential for the
sodium to freeze, because this isolated flow region is in contact with the
vessel wall which is rejecting heat due to the RVACS.

3.1.3 Constant Flow Thermal Transients (MCTF Interface)

The objectives of this series of thermal-upramp transient tests with
constant flow were to check the ability of the facility to simulate the
initial portion of a complex transient; to provide the designer with initial
information about the effects of varying combinations of constant flow levels
and thermal-upramp transients on the tendency for thermal stratification; and
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to observe the extent of stagnant region "hot" and "cold" spots in the model,
which may be of concern to the designers because of the thermal stresses
caused by potentially severe temperature gradients. The initial portion of a
complex transient (see example in Section 2.5) is driven by flow from the MCTF
with both temperature and flowrate prescribed as a function of time. The
thermal-upramp transient tests constituted the first step in a checkout of the
ability of the MCTF/Advanced Reactor Test Center to simulate complex reactor
transients. The designer can also use the information generated by these
tests to evaluate the PRISM model design at various flow levels and during
slow transients, which may be approximated as a series of constant flowrate
steps, each of which experiences a thermal upramp and is characterized by a
given value of Richardson number. Finally, the location and extent of
possible stagnant "hot" or "cold" regions highlights for the designer the
regions where structural thermal stresses must be carefully evaluated.

3.1.4 Natural Convection (Core Heaters)

» The objectives of this series of tests were to check additional
capabilities of the facility to simulate another portion of a complex
transient, and to provide the designer with initial information about the
effects of various power levels on natural-convection flow behavior within
various subregions and around the flow circuits. The final portion of a
complex transient (see example in Section 2.5) can be a natural-convection
flow, in which the Advanced Reactor Test Center is isolated from the MCTF and
the. internal pumps of the model are not operated. Only the core electrical
heater is on {in Phase I testing, no IHX heat sinks were utilized). Thus,
this series of tests checks out the controllability of the immersion heater by
the minicomputer. Information generated, such as the magnitude of the
natural-convection flow and temperature distributions for various Richardson
numbers, are useful to the designer who is evaluating the suitability of the
PRISM design with respect to the natural-convection flow circulation mode.

3.1.5 Mixed Natural-forced Convection (Core Heaters with Internal Pumps)

The objectives of this series of tests were to check additional features
of the facility for their capability to simulate another portion of a complex
transient and to provide the designers with information about the effect of
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low forced flowrates on the natural-convection patterns at various power
levels. For these tests, the four internal pumps and the immersion heater
were controlled by the minicomputer. This capability, together with those
checked out in the other scoping tests described above, enabled the simulation
of complex transients such as those described in Section 2.5.

3.1.6 Prototypic Transient A-4 (Plant Unloading at 3% Per Minute From 100 to

25% Power)

The objective of simulating prototypic transient A-4 at this time was to

provide GE designers with early preliminary information on how PRISM reacts to
a typical prototypic transient. This transient was simulated again in Phase
IT testing after evolving design changes were incorporated into the model.

The transient A-4 consisted of a thermal downramp superimposed on a constant
flowrate provided by the MCTF facility (i.e., the inverse of the tests
described in Section 3.1.3). Details of the prototypic transient supplied by
GE are shown in Figs. 24-26 for power, flow, and temperature from the core,
respectively.

3.2 Phase Il

3.2.1 Simulated Prototypic Transients

The objective of this series of tests was to simulate five prototypic
transients which, because of their severity and frequency of occurrence, could
pose potential design concerns such as stress problems caused by rapid
temperature changes and inadequate heat rejection due to inadequate flow,
etc. The simulation of these transients required the use of all of the
capabilities checked in Phase I testing. The five prototypic transients
simulated were:

1. Reduction of power from 100 to 25% (A-4).

2. Reactor trip from full power with maximum decay heat (B-1A).

3. Loss of power to one primary pump (B-3B).

4, Loss of feedwater to all modules supplying one turbine, with scram

after steam generator dryout (B-5B), and

5. Loss of feedwater to all modules supplying one turbine, with 30-s-

delay scram (B-5B).
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Details of each of the prototypic transients were provided by GE in the
form of graphs [20, 21]. For small values of time, the details were provided

by GE in tabular form [22].

3.2.1.1 Reduction of Power From 100 to 25% (A-4)

The objective of repeating the simulation of transient A-4 during Phase
II was to provide GE designers with updated information on how PRISM reacts to
the operating conditions described in Section 3.1.6 when the UIS and heat
sinks in the IHXs were added for a more representative simulation. Of the
postulated transients, this event is expected to occur most often. The
details of the prototype transient A-4, as presented in Section 3.1.6 for
Phase I, are shown in Figs. 24-26 for power, flow, and temperature from the
core, respectively. The intermediate sodium temperatures in the IHXs, which
are used to determine the heat sink capacity of the ANL PRISM model for the
Phase II tests, are shown in Fig. 27.

3.2.1.2 Reactor Trip From Full Power With Maximum Decay Heat (B-1A)

Of the postulated transients, this event, which involves a trip of a
single reactor module, which initiates the tripping of the primary and
intermediate sodium pumps a half second later, is expected to be the most
severe. The sodium pumps coast down to pony motor flow, while the turbine
continues to operate at reduced load compared with the remaining operating
modules. The details of the prototypic transient B-1A are presented in Figs.
28-31 for power, flow, and temperature from the core and intermediate heat
exchangers.

3.2.1.3 Loss of Power to One Primary Pump (B-3B)

In this transient the voltage applied to one of the four primary pumps
decays to zero, while the other primary pumps remain at full volitage until the
reactor scram occurs. Sodium flow in the affected pump decreases rapidly to
zero and then reverses as the unaffected pumps run out on their head/flow
curves. The details of the scram used in the ANL simulation are those
discussed in Section 3.2.1.2.
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3.2.1.4 Loss of Feedwater to All Modules Supplying One Turbine, With Scram
After Steam Generator Dryout (B-5B)

This transient, a reactor scram, is initiated by high primary IHX outlet
temperature after steam generator dryout. This event, the first of two for
prototypic transient B-5B (the second event is presented in the following
Section), shows the piant response with a dryout before the reactor
shutdown. The details of this transient are presented in Figs. 32-35 for
power, flow, and temperature from the core and intermediate heat exchangers.

3.2.1.5 Loss of Feedwater to A1l Modules Suppiying One Turbine, With Thirty-
Second-Delayed Scram (B-5B)

This transient, a reactor scram, is based on a steam drum low-level trip
30 s after the loss of feedwater flow. This event, the second of two for
prototypic transient B-5B8, demonstrates that shutdown cooling can be
accomplished, for some time, with water that is in the steam drum and
recirculation line. The details of this transient are presented in Figs. 36-
39 for power, flow, and temperature from the core and intermediate heat
exchangers.

4.0 TEST RESULTS
4.1 Phase I

Corresponding to the subsections of the previous section on test
objectives, the following subsections describe the results from the scoping
tests conducted on the PRISM thermal-hydraulic model.

4.1.1 Flow Distribution

A series of five isothermal tests was conducted at flowrates
corresponding to 5, 10, 15, 50, and 100% of simulated prototype flow (as
determined by similarity modeling described in Section 2.1). Dye was injected
into key regions and flow patterns were observed.

Dye injected at the dye injection ports Tocated on the thermocouple sting
in the core barrel just downstream from the core resistance simulator did not
remain a filament under the above flow conditions. This finding indicates
that the core barrel is a well-mixed region. The dye proceeded from the
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injection port up the core barrel to the IHX inlet on the same side of the
model where it was injected into the core barrel. (Phase II tests, discussed
later, show that, with a UIS, the core flow is much more complex.) The path
of the dye is important when the Tocation of fission product detectors in the
upper plenum is being determined. Additional dye was injected at both exits
of one IHX. The failure of the dye to remain a filtament indicates good
mixing. In fact, the two jets merged some distance below the exits. The dye
continued down towards the bottom of the radial-shield 1iner. However, the
jets from both IHXs never merged in the annular region outside of the radial
shield. At the high flowrates, the flow moving downward around the radial-
shield 1iner, originating from the IHX exits, penetrated to the floor of the
lower plenum. However, at about 10% of simulated prototype full flow and
below, the annular flow turned in radially about 1-1/2 in. below the bottom
edge of the radial shield and then proceeded up through the radial shield. A
large volume of fluid below the radial shield remained stagnant. Thus, at
certain flowrates, even under isothermal conditions, a large volume of fluid
in the Tower plenum does not participate in the mixing.

A series of constant flow, isothermal tests was conducted to measure the
pressure drop across the simulated core as a function of flowrate. The
resulting pressure drops across the core were 0.7 in. of H,0 at 38 gpm,

0.4 in. of Hy0 at 26 gpm, 0.15 in. of H,0 at 13 gpm (this value was used for
similarity between model and prototype), and 0.05 in. of H,0 at 6 gpm.

Finally, the free surface in the upper plenum was observed at the various
flow levels. Even at 100% of simulated prototype flow (corresponding to 20%
of the prototype Froude number at full flow), the surface remained
quiescent. This is not conclusive for the prototype since 100% of prototype
Froude number was unattainable in the present tests, i.e., the flowrate could
not safely be raised to increase the Froude number which is the ratijo of
inertia to gravity forces.

4.1.2 Cold Plenum Stratification

Because of the poor flow behavior in the cold plenum under isothermal
conditions, a test was conducted in which 65°F water in the PRISM model was
initially stagnant, and at t = 0 (i.e., the start of the test) 100°F water was
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forced through the model at 21 gpm (nominally 15% of simulated prototype full
flow) by the MCTF (i.e., external mode of operation). Initially, a hot/cold
interface formed in the upper plenum which moved lower as a function of time
until it reached the IHX inlets. Hot water then flowed through the IHXs into
the annular region between the radial-shield Tiner and the RV wall. Dye
injected at one of the IHX exits showed that the hot fluid exiting the IHX
accumulated in the IHX exit region. Some of the accumulated fluid rose into
the overflow gap and replaced the initially cold water there while the
majority of the hot flow slowly moved downward towards the bottom of the
radial-shield liner in a stratified fashion. After about 15 minutes, a
hot/cold (distinct) interface formed immediately below the radial-shield
liner. Incoming hot water flowed down the annular gap between the radial
shield and the RV wall from the IHX exits to just below the radial-shield
liner, and then proceeded up the radial shield to the pump inlets. The
hot/cold interface, illuminated by the dye, was very distinct. Thus, the
annular flow between the radial shield and the RV wall did not penetrate to
the lower plenum floor. The stagnant cold plenum lower region was further
aggravated by the thermal-buoyancy forces. This is contrary to the
observation in the preceding section in which this annular flow did penetrate
to the floor for an isothermal flow at the same flowrate. Buoyancy forces
caused by the temperature difference between the hot incoming flow and the
cold stagnant water near the floor of the lower plenum were strong enough to
counteract the inertia forces of the jet, turn it radially inward, and leave a
large volume of water which did not participate in mixing. Thus, large
temperature gradients existed in a region with many welds (i.e., core inlet
tubes) which could fail because of excessive thermal stresses. The
observation that the dyed hot water rose into the cold water in the overflow
gap, even though there was no overflow, is important to the designer who is
estimating the amount of heat that is rejected through the pressure vessel
wall (i.e., RVACS cooling). A more detailed series of tests was conducted to
further explore the preceding phenomena. These tests are discussed in the
following section.

4.1.3 Constant Flow Thermal Transients

A series of four tests was conducted in which a constant flow driven by
the MCTF was forced through the PRISM model with a step change (upramp) in
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temperature. The tests were run with 5, 15, 30, and 60% of simulated
prototype full flow, with a nominal step change in temperature of 16.7°C for
all tests. The Richardson and Reynolds numbers (based on core barrel ID) for
these tests ranged from 21 to 3021 and 1434 to 16392, respectively, as shown
in Table IV. The results of test JU1901, with 15% of simulated prototype full
flow, will be highlighted, and comparisons will be made with the remaining
tests. The flow provided by the MCTF and its temperature when entering the
model core are shown in Figs. 40a and b for JU1901 as a function of time. The
flowrate and temperature of the flow at the core inlet remained constant from
40 s until the end of the test (i.e., 5500 s). The variations of flow and
temperature between O and 40 s (see Fig. 40a) are due to the opening and
closing of MCTF control valves, the effect of which is small considering the
flowrate and the total length of the test.

Table IV. Nondimensional Parameters for the Constant Flow Thermal Transients

Test Flow (%) Flowrate (M3/hr) AT (°C) Red Ri ReP  RiP

Ju2001 5 1.4 12.2 1434 3021 331 4914
Ju19o1 15 4.3 17.0 4285 366 990 596
JY0801 30 8.1 15.0 8352 90 1930 147
Ju1902 60 16.7 15.4 16392 21 3787 35

3gased on core barrel ID.
Based on radial-gap diameter outside the radial shield.

The responses of 8 of the 11 thermocouples mounted on a vertical sting
(see Fig. 12) on the cold plenum floor about 2 in. inside the radial-shield
liner are shown in Fig. 41. LP1 is Tocated approximately 2 in. above the
bottom edge of the radial-shield tiner (~14-5/8 in. above the cold plenum
floor) and LP1l is located 2-1/8 in. above the floor of the cold plenum.
These thermocouples were placed in this region because of the observed
stagnant region discussed in the previous sections. There is a time delay of
500 s before hot fluid reaches the thermocouple sting (same order as the
15 min observed in the previous section before a distinct interface formed).
Dye was also injected at the exits of an IHX in test JUl1901, and the thermally
stratified dyed interface was measured 11-1/4 in. above the cold plenum
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floor. The bottom edge of the radial-shield Tiner is 12.6 in. above the
plenum floor. The interface slowly undulated + 1/2 in. and appeared billowy
(like a cloud). The cold stagnant region below the stratified interface is
clearly indicated in Fig. 41 and begins forming at t = 500 s. Thermocouples
LP1-3 are above the interface, and LP7, LP9, and LP1l are below it. LP4 is
very close to the stratified interface elevation. The response of
thermocouple LP11 is very linear after 2000 s, an indication that it is in a
region where heat is transferred dominantly by conduction, not convection
(i.e., it is in a stagnant region). The Richardson number (based on the
radial-gap diameter outside the radial shield) was 596 for JU1901, an
indication that the buoyancy forces are much larger than the inertia force,
which accounts for the stratified lower plenum.

The corresponding thermocouple responses for the remaining tests (i.e.,
JU1902, JU2001, and JY0801) are presented in Figs. 42-44. The following
general observations were noted:

1. Thermal stratification occurred in the lower plenum in a1l four
tests. Richardson numbers (based on the radial-gap diameter outside
the radial shield) varied between 35 and 4914, an indication that the
thermal buoyancy forces are large compared to the inertia forces.
Additional tests are necessary to determine the Tower threshold value
of the Richardson number below which there is no stratification in
the lower plenum.

2. The delay time before the stagnant region begins to form varied as

| the flowrate, i.e., the lower the flowrate, the longer the delay
time. This is related to the fi11 time during which the incoming hot
fluid displaces cold fluid in the upper regions of the model.

3. In all tests, the stagnant region initially formed below LP3, which
is 12-1/8 in. above the floor of the lower plenum.

4. The thermocouple responses for JU2001 (i.e., 5% flow) were all
Tinear, indicating that the dominant mode of heat transfer in the
lower plenum at this low flowrate was conduction.

5. As the flowrate increased from one test to another, teﬁperature
fluctuations for a particular thermocouple grew larger in amplitude,
an indication that the flow was changing from laminar to turbulent.
The calculated Reynolds number (based on the radial gap outside the
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radial shield) for these tests confirmed this (see Table 1).
Reynolds numbers (based on the radial-gap diameter outside the radial
shield) were 331 and 990 for JU2001 and JU1901, respectively. Thus,
these flows were laminar since the Reynolds numbers were well below
2000. The Reynolds numbers for the remaining two tests, JY0801 and
JU1902, were 1920 and 3787, respectively. The flow in JY0801 was in
transition from laminar to turbulent, whereas the flow in JU1902 was
turbulent. This is in accord with the observed behavior of the
thermocouple responses in these tests.

6. The persistance time of the cold stagnant region varied inversely
with flowrate for the same temperature difference because the larger
the flowrate, the smaller the thermal-buoyancy forces and hence,
increased mixing occurred across the stratified interface and washed
away the stagnant region.

The hot/cold stratified interface was also observed by means of dye
injection in the tests with 5, 30, and 60% of simulated prototype full flow.
The difference noted was that, for the 60% flow test, the interface was not as
distinct (i.e., some turbulent mixing) and moved down toward the plenum floor
more rapidly, whereas for the 5% flow test, the interface was extremely
distinct and motionless (i.e., appeared as a fine 1ine). For the 5% flow
test, multiple interfaces formed, separated by approximately 1 in., i.e.,
sharp density differences were observed as distinct Tines even without the use
of dye. A1l stratified interfaces initially formed at approximately the same
elevation as that observed in test JU1901 (i.e., between approximately 10-1/2
and 11-1/4 in. above the plenum floor). The distinctness of the interface is
an indication of the transition from turbulent to laminar flow and the
influence of thermal-buoyancy suppression of mixing at the interface as the
flowrates were decreased. The stratified stagnant region in the lower plenum
existed in an area with many pipe welds, etc. The temperature gradients
resulting from stratification cause thermal stresses, which need to be
evaluated by the designer.

The response of thermocouple G3, located at midelevation in the overfilow
gap surrounding the hot plenum, is shown in Fig. 45 for JU1901. The hot fluid
exiting the IHX, driven upward by natural-convection currents reached the
midpoint of the overflow gap during the same time period as the hot/cold
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interface was forming in the lower plenum. Even the time delay was of the
same order of magnitude. The response of thermocouple G3 was noniinear, an
indication of heat transfer by convection as well as conduction. The
preceding observation is valid for all four tests with the only difference
being the magnitude of the time delay, which is a function of flowrate, i.e.,
the higher the flowrate the shorter the time delay. This is important to the
designer who is estimating RVAC capacity and vessel heat losses, especially if
it was previously assumed that heat transfer in this annular stagnant gap was
only by conduction.

A vertical sting of thermocouples in the upper plenum, located off the
centerline, on a radius midway between two IHXs (about 5-3/4 in. from the
liner, see Fig. 11), is shown in Fig. 46 for JU1901. NS1 is near the upper
plenum floor, whereas NS4 is near the free surface. The responses for
thermocouples NS1 through NS4 fall on top of one another except between
t = 1100 and 1900 s where there is an indication of a small degree of
stratification in the upper plenum. This behavior is seen in the data for all
four tests. There is essentially no stratification in the upper plenum in any
of these four tests. The Richardson numbers (based on the core barrel
diameter) range between 21 and 3021 (see Table IV). Thus, the thermal-
buoyancy forces are large compared to the inertia forces, but, unlike the cold
lower plenum, they act in the same direction and thus do not promote
stratification. The cold fluid initially in the upper plenum mixes with the
core flow and is washed out of the upper plenum.

The responses of thermocouples S8 (on the sting on the centerline of the
model, Fig. 12) and NS3 {(on the sting off the centerline, on a radius midway
between IHXs, Fig. 11) located near the elevation of the IHX inlets are shown
in Fig. 47 for JU1901. The temperature in the upper plenum at this elevation
was, for the most part, symmetrical except between t = 900 and 2500 s when the
temperature at the centerline (in the hot jet flowing upwards from the core)
is 1°F warmer than that off center between the IHXs. This behavior was also
seen in the data for all four tests.

Responses for a vertical string of thermocouples mounted on the outer
surface of the radial-shield liner (see Fig. 11) are presented in Figure 48.
Rl is at the highest elevation, whereas R5 is at the Towest. The responses



80

0009

L

1061NLC 404 wcw_mcmxk
dureadn-{ewusy] e 03 3suodsay s4njesadwd] wnud|d 43ddn |2poW WSI¥d 9 “Bid

(S) HNLL TVINANIIAIXH
000G 000% 000€ 0002 0001 0
—l A ) | O S T R GY

. — b i - “ & 1 1

L

moTqg %ST - TO06TAL i

(D) HINIVIAdNAL



81

TO6INC 404 S3BLUT XHI Y1 JO UOLIPA3|] @jeuwixoaddy ay3 3e
wnua|d 42ddn ay3 ul @anjeuadwa) LBLPRY MOL4 LOPOW WSI¥d 40 uoLjerdep -/p bty

(S) AWIL TYINININAIXA
000% 000¢ 0002 oxoﬁ 0

_ I 1 L m A L L H

0009 000%

i A | | 1 — 2 Il

1 i i L

MOTd %ST - TO6TAL i

(O) HINILVIAdNAL



82

1061NC 404 jualsued| dweadn-|eWAay] © 404 pLaLys [eLpeY

941 F0 BPLSINQ 8yl uo Bunjedadwa] MO|4 }3p0;| WSING 40O UoLleLlJdep (edLlusp gy bBi4
(S) WL TVINANWIHAIXA
0009 000¢ 000V 000¢ 0002 0001 0
1 bl £ 1 _ 1 : 1 1 _ I 1 1 1 ~ i 1 1 I _r ¢ | 1 1 _ N n 1 m,ﬂ
[
£-2d | 02
it
4 oSN g
y - G2
- 0€
v :
79 . .«.n\...,au..,. :. ..Hl mm
£ N A R T N e vard i - B
1z _ , !
td —~ 0¥
MOTA %G1 - 1061AC [ cF

(O) TINIVIAINAL



83

generally fall on top of one another if the initial thermocouple offsets are
factored in. This behavior is evident in all four tests.

The responses of the thermocouples at the entrances and exits of critical
flow circuit subregions (see Figs. 11 and 12) are presented in Fig. 49 for
JU1901. Generally, the warm front was seen to traverse the flow circuit in
sequence [i.e., core exit (S5), IHX inlet (LI), IHX exit (L6), outside radial
shield (R5), pump inltet (PI1), pump exit (PE4), and core return pipe (P3)].
The corresponding thermocouple responses for the remaining tests (i.e.,
JU1902, Ju2001, and JY0801) are presented in Figs. 50-52. The thermal front
traversed the flow circuit faster as the flowrate was increased. The ,
initially cold fluid was thus replaced with hot fluid more quickly at higher
flow-rates. In addition, S13, located in the upper plenum, had larger
temperature fluctuations for JU1901, JY0801, and JU1902, and Reynolds numbers
(based on the core barrel IDs) of 4285, 8352, and 16392, respectively, than
for JU2001 which had a Reynolds number of 1434. Thus, the flow of JU2001 was
laminar (i.e., below a value of 2000), whereas the flows in the remaining
three tests were all turbulent. The observed larger temperature fluctuations
are indicative of increased turburlent mixing in the upper plenum above the
core outilet.

The important findings from these series of tests are the existence of
the stagnant, thermally stratified region in the lower plenum with its
associated thermal-stress concerns, lack of a stratified region in the upper
plenum, and the existence of natural-convection heat transfer in the overflow
gap, even without overflow.

4,1.4 Natural Convection

Four tests were conducted in which the immersion heater was set at a
constant power to provide the sole driving force for natural-convection
flow. The only heat sink was the stainless steel containment vessel walls
which were cooled by ambient air. Tests JY1501, JY2401, JY1601, and JY2301,
were run with 5, 10, 20, and 30 kW of power, respectively (27.5 kW
corresponding to 10% power in the prototypic PRISM reactor). With the
containment vessel initially filled with approximately 75°F water, the test
was run until the temperature of the water in the upper plenum reached 105°F
(dictated by concerns to protect the plastic model from damage), at which time
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the immersion heater was turned off (i.e., at t = 4566 s for JY230l), but the
thermocouples continued to be scanned and recorded by the DAS. These were
transient tests; a steady-state was not reached. In Fig. 53, the thermocouple
responses of 8 of the 11 thermocouples mounted on a vertical sting on the cold
plenum floor about 2 in. inside the radial-shield Tiner (see Fig. 12) are
presented for JY2301 with 30 kW power input. After a delay of approximately
1750 s, the Tower plenum was stratified, i.e., LPl was at a higher elevation
and temperature than LP1l. Note the oscillation observed on LP3 near t =

4500 s appears to be a thermal-hydraulic instability.

The corresponding thermocouple responses for the remaining natural-
convection tests (i.e., JY1501, JY2401, and JY1601) are presented in Figs. 54-
56. Stratification was observed in the lower plenum for all the tests except
JY1501. The pertinent nondimensional parameters for each of these tests are
presented in Table V. As the immersion heater power decreased, the strength
of the flow (i.e., velocity) decreased and a 1bnger time period was required
for stratification to develop. Thus, in order for stratification to develop
in the lower plenum under the thermal-hydraulic conditions of JY1501, a test
duration longer than the 7500 s is required. Grashof numbers for these tests
(i.e., the ratio of buoyancy to viscous forces) were all of the order of 109,
an indication that the flows were laminar. Reynolds numbers (based on the gap
diameter outside the radial shield) are much smaller than 2300, also an
indication that the flow was laminar in the lower plenum. Richérdson numbers
(based on the gap diameter outside the radial shield) were very large (i.e.,
greater than 1276), an indication that the buoyancy forces were much larger
than the inertia forces.

The responses of three of the thermocouples on the center sting in the
upper plenum (see Fig. 12) are shown in Fig. 57 for JY2301. S5 is located at
a lower elevation than S13. The responses of these thermocouples fall on top
of one another and reach a plateau at approximately t = 4800 s, shortly after
the immersion heater was turned off. Thus, there was no stratification in the
upper plenum. Note these thermocouples were all on the centeriine. Responses
of thermocouples located of f the centerline of the model, in the upper plenum,
confirm that there was no stratification. In fact, stratification in the
upper plenum was not found in any of these natural-convection tests. This is
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Table V. Nondimensional Parameters for the Natural-Convection Transients

a ey b s C o d
Test Power (KW) u (m/s) AT (°C) R1gap Regap Gr|
JY2301 30 0.0165 4.75 1276 314 5.56x108
JY1601 20 0.0156 7.29 2133 301 8.97x108
JY2401 10 0.0100 5.82 bi42 203 8.43x108
JY1501 5 0.0072 e e 120 e

gmeasured by timing dye front in a pump at discrete times.
measured by lower plenum at same time as velocity.

Cbased on radial-gap diameter outside the radial shield.

based on height of radial-shield bottom above floor of lower plenum.

€test not long enough to determine these values.

d
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not surprising since the buoyancy forces act in the same direction as the
inertia forces in the upper plenum.

The responses of thermocouples located at the entrances and exits of
critical subregions (see Figs. 11 and 12} are presented in Fig. 58 for
JY2301. The thermocouples were located in the upper plenum (S13), core exit
($5), IHX inlet (L1), IHX exit (L5), outside radial shield (R5), pump inlet
(PI1), pump exit (PE4), and the core return pipe (P3). The average velocity
in the pumps, determined by dye injection, was 1.08 in./s at t = 600 s,
0.87 in./s at t = 1800 s, and 0.65 in./s at t = 3840 s. Thus, while the water
in the various regions of the model was heating up, the flowrate was
decreasing because of the decreased thermal driving head. At t = 2820 s, dye
injected at the IHX exit rose upward toward the disc structure that was
supporting the IHX. After the immersion heater was turned off (i.e., at t =
4566 s), there was no measurable flowrate in the pumps. The thermocouple
responses of $5, S13, and L1 in Fig. 58 fall on top of one another for most of
the test, which indicates that there was very little stratification in the
upper plenum. When the immersion heater was shut off at t = 4566 s, the
temperature in the upper plenum leveled off and then gradually decreased due
to heat conduction through the containment vessel walls to the ambient air.
During this same period of time, the temperature of the fluid at the IHX exit
(L5) and at the bottom of the radial shield (R5) reached a maximum (allowing
for transport time) and then decreased first due to redistribution of the cold
dense fluid, initially in the region, from the radial shield to the core inlet
after the thermal driving force disappeared (i.e., immersion heater was shut
off); and later due to heat conduction from the IHX exit to the colder fluid
near the floor of the co1d.p1enum. Similarly, the temperatures in the pump
region (i.e., PE4, P3, and PI1) rose until stratification of the whole PRISM
model was stable (i.e., the temperature at each elevation was uniform). Each
test was similar, with the only difference being the length of time that the
immersion heater was turned on. The highef the power was, the shorter the
length of time that the immersion heater was on (dictated by the temperature
in the upper plenum reaching 105°F).

The important findings from this series of tests are the existence of the
thermally stratified region in the lower plenum and the lack of stratification
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in the upper plenum under thermal-hydraulic conditions that were different
from those in the tests described in Section 4.1.3.

4.1.5 Mixed Natural-Forced Convection

Three tests were conducted in which the immersion heater was set at a
constant power and the internal pumps were set at a maximum of approximately
192 rpm. The only heat sink was the walls of the stainless steel containment
vessel which were cooled by ambient air. Tests JY2401, JY2801, and JY2501
were run with 10, 20, and 30 kW of power, respectively, the same power levels
that were used in the natural-convection tests described in Section 4.1.4.
With the containment vessel initially filled with water at approximately 75°F,
the internal pumps set at the maximum 192 rpm (corresponding to an average
pump velocity of 2.24 in./s), the test was run until the temperature of the
water reached 105°F (similar to the natural-convection tests) at which time
the immersion heater was turned off (i.e., at t = 5240 s for JY2501) but the
thermocouples continued to be scanned and recorded by the DAS. These tests,
1ike the natural-convection tests, were transient; steady-state was not
reached. The pertinent nondimensional parameters for each of these tests are
presented in Table VI.

In Fig. 59 the thermocouple responses of 8 of the 11 thermocouples
mounted on a vertical sting on the cold plenum floor about 2 in. inside the
radial-shield Tiner (see Fig. 12) are presented for JY2501 with 30 kW power
input, i.e., similar to JY2301 with internal pumps added. After a delay of
1600 s, the lower plenum was stratified, i.e., LP1 was at a higher elevation
and temperature than LP1l. The corresponding thermocouple responses for the
remaining mixed natural-forced-convection tests (i.e., JY2901 and JY2801) are
presented in Figs. 60 and 61. Stratification was observed in the Jower plenum
for all these tests, although JY2901 was not carried out long enough to reach
a maximum temperature plateau. As the immersion-heater power decreased, a
longer time period was required for stratification to develop, similar to the
natural-convection tests discussed in Section 4.1.4. The Reynolds numbers
(based on the gap diameter outside the radial shield) were significantly
higher than those in the natural-convection tests, but they are still below
2300, an indication that the flows were still laminar. The Richardson numbers
that were based on the gap diameter outside the radial shield were
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Table VI. Nondimensional Parameters for the Mixed Natural-Forced-
Convection Transients

Test  Power (KW) u (m/s)® aT (°C)P Rigapc RegapC Ricored Re.ore
JY2501 30 0.0579 7.08/8.97 206 1275 99 5983
JY2801 20 0.0618 4.10/9.33 181 1307 56 6374
JY2901 10 0.0560 e e 999 e 4307

dmeasured by timing dye front in a pump.

bmeasured in upper plenum/lower plenum.

gbased on radial-gap diameter outside the radial shield.
based on core barrel ID.

€test not long enough to determine these values.
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approximately 200, an indication that the buoyancy forces were still much
stronger than the inertia forces.

Comparison of the thermocouple responses in Fig. 59 to those in Fig. 53
for JY2301 reveals that the time delay changed from 1750 s to 1600 s, i.e.,
the forced convection provided by the pumps decreased the time for lower
plenum stratification. The forced convection also increased the temperature
level of each thermocouple at the corresponding time in each transient after
the lower plenum was stratified. Generally, the Tower plenum was warmer and
the stratification was greater with forced convection than without, for the
same power input for the level of forced flow tested. The forced convection,
as expected, continued to force hot fluid into the lower plenum after the
immersion heater was turned off (i.e., at t = 5280 s for JY2501). The forced
convection, with its associated increased mixing (i.e., higher Reynolds
numbers), which counteracted the thermal-buoyancy forces, accounts for the
generally higher temperatures and the greater stratification (i.e.,
temperature difference) in the lower plenum. For high enough levels of forced
flow (i.e., Richardson number of order of one or less), it is expected that
there will be no stratification in the lTower plenum. The inertia forces are
large enough for the incoming fluid to penetrate to the plenum floor and
entrain the fluid, thus producing a lower plenum at an essentially uniform
temperature. In the natural-convection test for the same power input
(i.e., JY2301), the stratification of the model was essentially constant after
the immersion heater was turned off, while, in the mixed natural-forced
convection tests, the entrainment and/or transport continued until the end of
the test.

- The responses of four thermocouples on the center sting in the upper
plenum are shown in Fig. 62. S5 was located at a lower elevation than S13.
The responses of these thermocouples fall on top of one another during the
first 5600 s, reach a plateau at approximately t = 5280 s (i.e., when the
immersion heater is turned off), and then, one by one, in ascending order of
elevation, decrease from the plateau of 40.5°C. Thus, after the first 5600 s,
the upper plenum was strongly stratified. However, the upper plenum in the
corresponding natural-convection test, JY2301, was not stratified (see Fig.
57). Thus, after the immersion heater was turned off, the forced convection
provided by the internal pumps forced the cold fluid from the lower plenum
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into the upper plenum where it mixed with the hot fluid already there to cause
stratification. Because of the failure of a power supply to a number of
thermocouple amplifiers, the corresponding curves for the remaining tests are
not available. In their place, the responses of four thermocouples (NS1, NS2,
NS3, and NS4) on the sting located midway between the IHXs in the upper plenum
(see Fig. 11) are shown in Figs. 63-65. NSI is located at a lower elevation
than NS4. Comparison of Figs. 62 and 65 indicates that the thermal
stratification was uniform across the upper plenum for JY2501. As in the
lower plenum, when the immersion heater power decreased, a longer time was
required for the temperature in the upper plenum to reach 105°F (thus, turning
off the immersion heater), and subsequently, for stratification to develop.
Richardson numbers (based on the core ID) were 99 and 56 for JY2501 and
JY2801, respectively, an indication that the thermal-buoyancy forces were
large compared to the inertia forces. Test JY2901 was not carried out long
enough for stratification to develop. The Reynolds numbers (based on the core
barrel ID) for these tests (see Table VI) are all well above 2300, and thus
indicate turbulence.

The responses of thermocouples located at the entrances and exits of
critical subregions are presented in Fig. 66 for JY2501. The thermocouples
are located in the upper plenum (S13), core exit (S5), IHX inlet (L1), IHX
exit (L5), outside radial shield (R5), pump intet (PIl), pump exit (PE4), and
the core return pipe (P3). The noise on the thermocouple responses is not
thermal-hydraulic, but is due to the heater and motor controllers that are
used in the facility. As a part of the shakedown function of these tests,
corrective action, i.e., isolation techniques, was taken prior to the start of
Phase II testing to eliminate as much of this noise as possible. Velocities
in the pumps, measured hefore the immersion heaters were turned on and 1080 s
into the test, were 0.056 m/s and 0.058 m/s, respectively. Thus, there was
practically no change, i.e., the forced convection dominated. This is true
for all three power levels tested (see Table VI). Dye injected at the IHX
exit clearly defined a hot/cold interface in the lower plenum at t = 3600 s.
The interface was located 12-1/4 in. above the floor, just under the radial
shield. The important findings from this series of tests are the existence of
thermal stratification in both the upper and lower plena under thermal-
hydraulic conditions that were different from those in the tests described in
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Sections 4.1.3 and 4.1.4. The stratification in the upper plenum was caused
by the internal pump circulating colder fluid from the lower plenum into the
upper plenum after the immersion heater was turned off. In the natural-

convection tests, discussed in Section 4.1.4 no stratification was observed.

4.1.6 Prototypic Transient A-4

Two indentical tests, AUO601 and AU0701, were conducted in which a
constant flow driven by the MCTF was forced through the PRISM model with a
step change (downramp) in temperature to check on data reproducibility. These
tests simulated the GE prototype transient A-4 (i.e., plant unloading at 3%
per min from 100 to 25% power) and were conducted at the conclusion of Phase I
PRISM water tests. In Phase II, tests of this nature involved a UIS model and
IHX heat sinks. Tests AUO601 and AUO701 were run with 100% simulated full
flow (corresponding to 128 gpm in the model) with a nominal step change in
temperature of 13.9°F. Comparison of the data from tests AUO601 and AUG701
shows that the results were reproducible, and thus only the results of AU0701
will be presented here. The flowrate and temperature of the fluid entering
the core from the MCTF are shown in Fig. 67 for test AU0O701 as a function of
time. The Reynolds and Richardson numbers (based on the core barrel ID) were
28114 and 4.0, respectively, whereas the Reynolds and Richardson numbers
(based on the radial-gap diameter outside the radial shield) were 6494 and
6.4, respectively. The input thermal-hydraulic driving function (i.e., inlet
temperature downramp as shown by IN1 in the inlet tee to the model) was
supplied by the MCTF and moved by convection through the model with each
thermocouple response closely following the input driving function, as
expected, because the flowrate was high and an IHX heat sink was Tlacking.

The responses of 8 of the 11 thermocouples mounted on a vertical sting on
the cold plenum floor about 2 in. inside the radial-shield liner are shown in
Fig. 68. The responses generally fall on top of one another, indicating a
well-mixed lower plenum with no stratified regions which occurs with a
Richardson number of 6.4 {based on radial-gap diameter outside the radial
shield). A vertical sting of thermocouples located off the centerline on a
radius midway between two IHX's (about 5-3/4 in. from the liner) in the upper
plenum are shown in Fig. 69. The responses of thermocouple $8 (on the sting
on the centerline of the model) and NS3 (on the sting off the centerline on a
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radius midway between IHXs) located near the elevation of the IHX inlets in
the upper plenum are shown in Fig. 70. The responses in both figures fall on
top of one another, indicating a uniformly mixed upper plenum with a
Richardson number of 4.0 (based on the core barrel ID). Lastly, the responses
of the thermocouples located at the entrances and exits of critical subregions
are presented in Fig. 71. The thermocouple responses fall on top of one
another (separated, by at most, the transport time delay between locations},
indicating a well-mixed reactor in which each thermocouple response closely
follows the input driving function, i.e., the thermal downramp. The slope of
each of these thermocouple responses was determined in the 1000- to 1800-s
time interval. The maximum value was 0.00363°C/s in the model, corresponding
to a maximum value of 0.0256°C/s in the prototype. (The actual model core
temperature difference of 17°F corresponds to a prototypic scale of 265.7°F.)
Thus, the maximum time rate of change of temperature is very small in PRISM
during this transient and should not pose any thermal stress problems for
structures in the flow field.

Generally, all thermocouple responses fall on top of one another, which
is not surprising since the flowrate is so high (128 gpm corresponding to 100%
flow) and there is no heat sink capability in the IHXs.

4,2 Phase 11

4,2.1 Simulated Prototypic Transients

Twenty tests were conducted during the PRISM Phase II tests in which five
prototypic transients, chosen by GE, were simulated. Each transient was
repeated a minimum of three times in order to evaluate the experimental
repeatability of the results. The experimental procedure used in setting up
each of the five transients was described in Section 2.5 with values of
parameters for the prototypic transient, reactor trip from full power with
maximum decay heat (B-1A), as an illustrative example. Test identifiers for
the PRISM Phase II tests are presented in Table VII together with transient
type, simulated core temperature difference as dictated by modeling laws and
IHX heat sink capacity of the IHXs. Note the actual heat rejection of the
IHXs is very close to the nominal (desired) value. The value of the simulated
core temperature difference is influenced by the overall temperature level
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Table VII. PRISM Phase II Tests: Transient Type, Simulated Core
Temperature Difference, and Heat Sink Capacity of IHXs
Nominal
Simulated Core Simutated Heat Sinks

Test Temperature Capacity of IHXs [kW (%)]
Transient Number Difference (°F) Nominal Actual
Reduction of power AP2001 10 68.8 (25) 70.7 (25.7)
from 100 to 25% (A-4) AP2101 10 68.8 (25) 68.8 (25.0)

AP2301 10 68.8 (25) 69.5 (25.3)
Reactor trip from full MY2001 13 32.2 (11.7) 32.6 (11.9)
power with maximum MY2101 13 32.2 (11.7) 31.8 (11.6)
decay heat (B-1A) MY2201 13 32.2 (11.7) 32.5 (11.8)
Loss of feedwater to MY2801 12 29.7 (10.8) 29.6 (10.8)
all modules supplying MY2901 12 29.7 (10.8) 29.6 (10.8)
one turbine, with 30-s-  JU0101 12 29.7 (10.8) 29.4 (10.7)
delayed scram (B-5B)
Loss of power to one Juo201 12 29.7 (10.8) 29.9 (10.9)
primary pump (B-3B) JU0301 12 29.7 (10.8) 29.5 (10.7)

Ju0302 12 29.7 (10.8) 29.5 (10.7)
Loss of feedwater to Juogol 12 2.06 (0.75) 1.99 (0.72)
all modules supplying Juogol 12 2.06 (0.75) 2.29 (0.83)
one turbine, with scram  JU0902 12 2.06 (0.75) 2.29 (0.83)
after steam generator Julo0l 12 2.06 (0.75) 2.21 (0.80)

dryout (B-5B)
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(i.e., the temperatures of the water in the MCTF hot and cold reservoirs). As
the weather gets warmer, the canal water used for cooling the cold reservoir
gradually rises in temperature and decreases the simulated core temperature
‘difference that is necessary because of the change in water properties with
temperature in Richardson number similarity. Similarly, the maximum heat sink
capacity of the IHXs decreases with warmer weather for the same water
temperature entering the PRISM model on the primary side. The integrity of
the plastic PRISM model is the primary determinant of the water temperature
level on the primary side. The preceding dye test reveals that it would not
be possible to locate a fuel rod failure in the core by having fission product
detectors located in the two IHXs exclusively.

The model core resistance was increased after Phase I testing by the
addition of 15 perforated plates to make a total of 45 perforated piates in
the simulated core. A series of constant flow, isothermal tests was conducted
to measure the pressure drop across the simulated core as a function of
flowrate. The resulting pressure drops across the core were: 1.2 in. of H,0
at 38 gpm, 0.6 in. of H,0 at 26 gpm, 0.3 in. of Hy0 at 13 gpm (this value was
used for similarity between model and prototype) and 0.1 in. of H,0 at 6 gpm.

There is concern about the number and position of detectors necessary to
determine the location in the core of a source of fission product release. In
order to address this concern, dye was used to study flow patterns in the
UIS/upper plenum region at full flow (i.e., 128 gpm). The UIS model was
mounted on the center thermocouple sting (see Fig. 13) on which four dye
jnjectors were also mounted, at different radial positions (i.e., in 2-in.
increments) and at 90° intervals circumferentially. The injector closest to
the centerline was mounted directly upstream of the sliot in the UIS, which was
rotated to the center of the left IHX. Dye injected from either of the two
injectors in the vertical plane midway between the IHXs flowed up through the
gap between the UIS and the core barrel, and appeared to go toward both IHXs
with no particular preference. The dye from the injector opposite the slot in
the UIS went up the gap and preferentially towards the right IHX. The dye
from the injector located directly upstream of the slot flowed in the UIS
model up the side near the slot with some diffusion and entrainment. The dye
diffused toward the UIS side opposite the slot, while flow in the gap between
the UIS and the core barrel entrained some of the dyed flow from within the
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UIS starting at an elevation approximately 2 in. below the lower third of the
UIS (i.e., puffs of dye observed in gap). The dye gradually filled the entire
UIS by diffusion and a vertical rotational flow pattern. The dye from this
injector showed a strong preference for the left IHX (i.e., closest to the
slot). Finally, it took 75 s for the dye to clear out of the model once the
dye injector was turned off.

4,2.1.1 Reduction of Power from 100 to 25% (A-4)

In Phase II, tests simulating the GE prototype transient A-4 (i.e., Plant
Unloading at 3% per minute from 100 to 25% power) were conducted in which a
constant flow driven by the MCTF was forced through the PRISM model with a
prescribed thermal downramp (see Section 3.2.1.1). This transient was
repeated three times, tests AP2001, AP2101, and AP2301, to check
reproducibility. These tests differed from the Phase I tests described in
Section 4.1.6 in that a UIS model and operational IHX heat sinks had been
added. These tests were run with 100% of simulated full flow (corresponding
to 128 gpm in the model) with a nominal simulated core temperature difference
of 10.0°F. Comparison of the data from these tests shows that the results are
reproducible, and thus only the results of AP2001 with an actual core
temperature difference of 11.2°F will be presented here. The flowrate and
temperature of the fluid entering the core from the MCTF are shown, as a
function of time, in Fig. 72 for test AP2001. The Richardson and Reynolds
numbers (based on the core barrel ID) were 3.9 and 38662 respectively, whereas
the Richardson and Reynolds numbers (based on the radial gap outside the
radial shield) were 6.4 and 8931, respectively. The input thermal-hydraulic
driving function (i.e., inlet temperature downramp as shown by INl in the
inlet tee to the model) was supplied by the MCTF and moved by convection
through the model with each thermocouple response closely following the input
driving function, as expected, because of the high flowrate.

The responses of 8 of the 11 thermocouples mounted on a vertical sting on
the cold plenum floor about 2 in. inside the radial-shield liner (see Fig. 12)
are shown in Fig. 73 for AP2001. The responses generally fall on top of one
another, indicating a well-mixed Tower plenum with no stratified regions.

The responses of a vertical sting of thermocouples, NS1, NS2, NS3, and
NS4, located off the centerline on a radius midway between the two IHXs (about
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5-3/4 in. from the liner) in the upper plenum (see Fig. 11) are shown in Fig.
74 for AP2001. The responses of thermocouples S8 (on the sting on the
centerline of the model) and NS3 (on the sting off the centerline on a radius
midway between IHXs) located near the elevation of the IHX inlets in the upper
plenum are shown in Fig. 75 for AP2001. And finally, the responses of
thermocouples S5, S8, S11, and S13, located on the vertical sting on the
centerline of the model in the upper plenum (see Fig. 12), are shown in Fig.
76 for AP2001. The therchoup1e responses in each of the preceding figures
fall on top of one another, indicating a uniformly mixed upper plenum with no

stratification.

The thermocouple response of G3 for AP2001 (see Fig. 1l), presented in
Fig. 77, is very linear, indicating that heat is transferred mostly by
conduction, not convection, in the overflow gap with no overflow in the
present transient. The responses of the thermocouples located at the
entrances and exits of critical subregions are presented in Fig. 78 for
AP2001. The thermocouple responses generally fall on top of each other in one
of two distinct groups. The higher temperature group consists of
thermocouples S5, S13, and L1, located in the hot upper plenum downstream of
the core but upstream of the IHXs. The lower temperature group consists of
thermocouples R5, PE4, P3, PI1, and L5, located downstream of the IHXs. The
temperature difference between the two groups is primarily caused by the heat
removed by the IHXs. L5, located at the IHX exit, is slightly colder than the
other thermocouples in that group since it has not yet mixed with the fluid in
the lower plenum. The slope of each of these thermocouple responses was
determined in the 1600- to 3200-s time interval. The maximum value was
0.00303°C/s in the model corresponding to a maximum value of 0.0324°C/s in the
prototype. This value of 0.0324°C/s compares favorably (i.e., same order of
magnitude) with 0.0256°C/s determined for AUO701 in Phase I without
operational IHX heat sinks (see Section 4.1.6). Thus, the maximum time rate
of change of temperature is very small in PRISM during this transient and
should not pose any thermal stress problems for structures in the flow field.

The inlet and exit temperatures on the secondary side and the flowrate of
the IHX heat sink, as a function of time, are presented in Fig. 79 for
AP2001. The heat sink capacity, as a function of time, is shown in Fig. 80
for AP2001. Using the temperature difference between the two groups of
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thermocouple responses on the primary side in Fig. 78 (i.e., 2.3°C) and the
primary flowrate (i.e., 28.8 m3/hr), the heat removed was calculated to be
28.2% of full power, which compares favorably to the more accurately
determined value presented in Fig. 80. Because of the model to ambient heat
loss through the containment vessel walls, the energy loss on the primary side
should be larger than the calculated heat removed by the IHXs shown in

Fig. 80.

The results of AU0O701 of Phase I and AP2001 of Phase II are generally in
agreement. The addition of the heat sink capability in Phase II did not
reveal any new concerns. In summary, there was no stratification in either
the hot upper plenum or the cold Tower plenum. This was expected since the
conditions necessary for stratification are not created with a cold shock to a
cold lower plenum, i.e., the buoyancy and inertia forces act in the same
direction. The conditions for stratification do exist in the hot upper plenum
with a cold shock since the buoyancy and inertia forces oppose one another.
However, the buoyancy forces in this transient are not strong enough compared
to the inertia forces to create a measurable effect. The absence of
stratification in either plenum is important for the designer since the
possibly large temperature gradients over small distances associated with
stratification are not present to cause thermal stress problems in regions of
the prototype in which these large gradients are unexpected. The Richardson
number (based on the core barrel diameter), which is relevant for the upper
plenum, was approximately 4.0; the Richardson number (based on the radial-gap
diameter outside the radial shield), which is relevant for the lower plenum,
was approximately 6.4. Both values are small, indicating that thermal-
buoyancy forces are small compared to the inertia forces. The threshold
Richardson number (based on ¢dre barrel diameter) below which stratification
does not occur in the upper plenum, is now bracketed by 4.0 on the lower bound
(from this test and AUO70l of Phase I, Section 4.1.6) and by 56.0 on the upper
bound (from JY2801 of Phase I, Section 4.1.5).

4.2.1.2 Reactor Trip from Full Power with Maximum Decay Heat (B-1A)

Tests simulating the GE prototype transient B-1A, reactor trip from full
power with maximum decay heat, were also conducted in Phase II of PRISM
testing. Temperature and flowrate were decreased in a prescribed manner,
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details of which were specified by GE (see Section 3.2.1.2). This transient
was repeated three times (tests MY2001, MY2101l, and MY2201), with a nominal
core temperature difference of 13°F (see Table VII), to check reproducibility.
Comparison of the data from these tests shows that the results are
reproducible; thus, only the results of MY2001 with an actual core temperature
difference of 14.6°F will be presented here. The temperature and flowrate as
a function of time are shown in Fig. 81 for MY2001 during the initial portion
of the transient when the flow was provided by the MCTF loop. At 68.7 s, the
immersion heater was turned on while the flow was still provided by the MCTF
loop. At approximately 420 s, the MCTF was completely isolated from the
model, and the transients continued with only the immersion heater and
internal pumps providing the power and flowrate, respectively. In Fig. 82,
the responses of 8 of the 11 thermocouples that were mounted on a vertical
sting on the cold plenum floor about 2 in. inside the radial-shield liner (see
Fig. 12) are presented for MY2001. For the most part, the thermocoupie
responses fall on top of one another, indicating that there was no
stratification in the lower plenum. This was expected since the conditions
necessary for stratification are not created with a cold shock to a cold
plenum, i.e., the buocyancy and inertia forces act in: the same direction.. Dye
injected from the left exit of the left IHX immediately after transition to
internal flow drifted predominantly downward and filled the lower plenum.
However, a small portion swirled upward and filled the gap between the disc
that was supporting the IHXs and the top of the radial-shield liner. These
two distinct dye regions persisted for a long period of time, indicating that
there was very little mixing owing to the very low flowrates.

The responses of four thermocouple located in the upper plenum on the
center sting (see Fig. 12) are presented in Fig. 83 for MY2001. The plenum
started out at a uniform temperature, stratified between t = 150 and 800 s,
mixed to a slightly lower uniform temperature, and restratified after
t = 1200 s. This transient is a cold shock to a hot upper plenum, in which
the buoyancy and inertia forces oppose each other. Under these conditions,
stratification in the upper plenum can be expected if the buoyancy forces are
large enough compared to the inertia forces. During the entire test, the
flowrate and power were gradually decreasing, and thus the relative strengths
of the inertia forces (velocity field) and buoyancy forces (thermal field)
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were varying. This variation accounts for the complex phenomenon observed in
Fig. 83. Thermocouple S5 was located at a lower elevation than S13. As shown
in Fig. 84, the IHX heat sink capacity, which was initially set at 11.7% of
full power, varied during the test to a low of 6% while the power supplied by
the immersion heater decreased to 1.5% of full power. Thus, a gradual cooling
of the model, i.e., lower temperatures, was to be expected, and was observed
after t = 1200 s. The heat sink capacity in the prototype also did not remain
constant, but decreased to below 6% during the transient. Thus, the cooling
observed in Fig. 83 after t = 1200 s is exaggerated, i.e., the temperatures
are lower than would be expected with a smaller, exactly simulated, IHX heat
sink capacity. The inlet and exit temperatures of the IHX heat sinks,
together with flowrate, are shown, as a function of time, in Fig. 85. The
initial upper plenum stratification observed between 150 and 800 s was
analyzed in detail since it occurred during the time that the heat sink most
closely simulated that of the prototype. The model was isolated from the MCTF
at 416.8 s. At approximately 450 s, the flow was 8% of full flow (i.e., 10.24
gpm) and the temperature difference measured in the upper plenum was 3.73°C
(76.2°C in the prototype). On the basis of these values, the Reynolds and
Richardson numbers (based on the core barrel ID) were.2615 and 313,
respectively, at that instant. Such a large Richardson number indicates that
the thermal-buoyancy forces are very much larger than the inertia forces.

The response of thermocouple G3, located at midelevation in the overflow
gap that surrounded the hot plenum (see Fig. 11), is shown in Fig. 86 for
MY2001. The response of thermocouple G3 is linear, an indication of heat
transfer by conduction (i.e., no convection). This is important to the
designer who is estimating RVAC capacity and vessel heat losses.

Responses of a vertical string of thermocouples mounted on the outer
surface of the radial-shield liner (see Fig. 1l) are presented in Fig. 87 for
MY2001. R1 is at the highest elevation, whereas R5 is at the lowest. The
responses generally fall on top of one another if the initial thermocouple
offsets are factored in, an indication that there was no stratification in the
radial-shield region. Although slight stratification was exhibited in the
thermocouple responses of Rl and R5 in the period between 300 and 900 s, the
degree of stratification present caused no Toss of coolability to that region
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since the fluid exiting the IHXs was colder (thus more dense) and thus the
buoyancy forces acted in the same direction as the inertia forces.

The responses of thermocouples located at the entrances and exits of
critical subregions are presented in Fig. 88 for MY2001. The thermocouples
are located in the upper plenum (S13), core exit (S5), IHX inlet (L1), IHX
exit (L5), outside radial shield (R5), pump inlet (PIl), pump exit (PE4), and
the core return pipe {P3) (see Figs. 11 and 12). Generally, after t = 1800 s,
the PRISM model was stratified (flowrate was less than 6% of full flow) and
the cooling was due to the greater heat sink capacity of the IHXs compared to
the power provided by the immersion heater, i.e., 11.7% versus 1.5% of full
power. Again, this behavior is exaggerated since the heat sink capacity in
the prototype decreases to below 2.6% of full power as opposed to the decrease
to 6% in the ANL model (see Fig. 84). The maximum rate of change of
temperature with a meaningful duration of longer than 120 s was observed in
the response of thermocouple L5, shown in Fig. 88. The maximum rate of change
of temperature occurred during the period between approximately 50 and
250 s. Its value in model units is 0.023°C/s, which corresponds to 0.196°C/s
in the prototype. These values are very small and present no problems to the
designers of structures that experience these rates of change of temperature.

In summary, the simulation of transient B-1A indicates the existence of
some stratification in the upper plenum for a short period of time, no
stratification in the lower plenum, very small rates of change of temperature
in internal structures, and a generally favorable coolability of the entire
model after the scram. The absence of significant stratification in either
plenum is important for the designers since the large temperature gradients
over small distances associated with stratification are not present to cause
thermal stress problems in regions in which these large gradients are
unexpected.

4.2.1.3 Loss of Power to One Primary Pump (B-3B)

Tests that simulated the GE prototype transient B-3B, loss of power to
one primary pump, were conducted during Phase II of PRISM testing. The
transient was the transient described in Section 4.2.1.2 with the only
deviation being that one of the four pumps was not operational. Temperature
and flowrate were decreased in a prescribed manner, details of which were
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specified by GE (see Section 3.2.1.3). This transient was repeated three
times (tests JU0201, JU0301, and JUO302), with a nominal core temperature
difference of 12°F (see Table VIII), to check reproducibility. Comparison of
the data from these tests indicates that the results are reproducible; thus
only the results of JUO301 with an actual core temperature difference of
11.9°F will be presented here. The temperature and flowrate as a function of
time are shown in Fig. 89 for JU0301 during the initial portion of the
transient when flow was provided by the MCTF Toop. At 68.7 s, the immersion
heater was turned on while the flow was still provided by the MCTF loop. At
approximately 450 s, the MCTF was completely isolated from the model, and the
transient was continued with only the immersion heater and three of the four
internal pumps providing the power and flowrate, respectively. 1In Fig. 90 the
thermocouple responses of 8 of the 11 thermocouples mounted on a vertical
sting on the cold plenum floor about 2 in. inside the radial-shield liner (see
Fig. 12) are presented for JUO301l. For the most part, the thermocouple
responses fall on top of one another, indicating that there is no
stratification in the lower plenum.

The responses of four thermocouple responses located in the upper plenum
on the center sting (see Fig. 12) are presented in Fig. 91 for JU0301. The
plenum started out at a uniform temperature, stratified between t = 200 and
900 s, mixed to a stightly lower uniform temperature, and restratified after
t = 1400 s. During the entire test, the flowrate and power were gradually
decreasing, and thus, the relative strengths of the inertia (velocity field)
and buoyancy forces (thermal field) were varying. This variation accounts for
the complex phenomenon observed in Fig. 91. Thermocouple S5 is located at a
lower elevation than S13. As shown in Fig. 92, the heat sink capacity, which
was initially set at 10.8% of full power, varied during the test to a low of
6%, while the power supplied by the immersion heater decreased to 1.5% of full
power. Thus, a gradual cooling of the model, i.e., lower temperatures, was to
be expected, and was observed after t = 1400 s. The heat sink capacity in the
prototype also did not remain constant, but decreased to below 2.6% during the
transient (as in Section 4.2.1.2). Thus, the cooling observed in Fig. 91
after t = 1400 s is exaggerated, i.e., temperatures were lower than would be
expected with a smaller, exactly simulated, model heat sink capacity. The
inlet and exit temperatures of the IHX heat sinks, together with flowrate, are




142

JU3LSURA] JO UOLIAO4 LBL3LUT Butang TOEOND
404 41JW 9Y3 wodj WSI¥d Burajul pinL4 jo aunjesadws) pue Mol3 °68 °BLy

(S) AWIL TYINAWIIAIXA

O
o

@) o)
o

)

[ap}
(D) INIVIAINAL

00S 01037 00¢g 002 001 0

\0 1 1 1 1 # I3 2 1 L n bl I3 } b _ I 1 1 1 h 1 ) L 1
G "
Yy I
- i
Wln. -
O =
= 0T N
= [
Tw R
3 ¢1- B
~~ i
W L
* b~
St |
02 5
T NI - i
= ”
G2 - -
gc-49 - 10€00r i

0¢



143

10€0NL 404 43ULT piaiyS-|eLpey 3yl apLsu]
SUOLIBABL] SNOLJBA J° WNUILJ 42MOT 3Yy3 uL s3{dnodowday] o sasuodsay *gg *bi4

(S) AWLL TVINANIEAIXH

000¢€ 0002 0001 0
" l L L ] L |

1 t L 1 1 1

L 1 1

TT % 6 L G ‘% ¢ ‘C ‘141

a¢-4 - 10€000 i

(D) TINILVIAINAL



144

10€0NC 403
SUOLIBA3[3 SNOLJUBA 3B Wnu3|4 +addn ayi ut sajdnooowday] jo sasuodsay °16 *BLd

(S) AWIL TVINAWIMAIXH

0006 000% 000€ 0002 0001 0
1 L 1 Jl — 1 } 1 1 L L 1 L 1 “ ] Il ] I3 L 2 1 4 1
SS p \ !
=
8s f.i..f,._,...f -
_..o.-.f; R
£1S
118 L n...._‘.,::.a__.. e b TR 3
€T ® 11IS - .“
ge-g - 10¢£00C0 i

0¢

06

(D) FINILVIAINAL



145

0006

(S) INLL TYINANWINAIXT

L L

000€
I3 m t

L

0002
M

L

10€0n0
404 SWLL 40 UOLIDUN B S® XHI |9POW WSIYd 40 A3toede) jui§ 3eay

0001
*

1

*26 *bL4

1

]

ge-494 ~ 10€00r0

o

I T

[
)
—

| RN ¥

!
o
AV,

L T

0G

(HAIMOd TINA %) ALIDVAVD JINIS LVHH



146

shown, as a function of time, in Fig. 93. The initial stratification observed
between 200 and 900 s was analyzed in detail since it occurred during the time
that the heat sink most closely simulated that of the prototype. The model
was isolated at 456 s from the MCTF. At approximately 500 s the flow was 6%
of full flow (i.e., 7.68 gpm) and the temperature difference measured in the
upper plenum was 2.78°C (61.6°C in the prototype). On the basis of these
values, the Reynolds and Richardson numbers (based on the core barrel ID) were
2070 and 549, respectively, at that instant. Such a large Richardson number
indicates that the thermal-buoyancy forces are very much larger than the
inertia forces.

The response of thermocouple G3, located at midelevation in the overflow
gap surrounding the hot plenum (see Fig. 11), is shown in Fig. 94 for
MY2001. The response of thermocouple G3 is linear, an indication of heat
transfer by conduction (i.e., no convection). This is important to the
designer who is estimating RVAC capacity and vessel heat losses.

Responses for a vertical string of thermocouples mounted on the outer
surface of the radial-shield liner (see Fig. 11) are presented in Fig. 95 for
JU0301. R1 is at the highest elevation, whereas R5 is at the lowest. The
responses generally fall on top of one another if the initial thermocouple
offsets are factored in, an indication that there was no stratification in the
radial-shield region. Although slight stratification was exhibited in the
responses of thermocouples Rl and R5 in the period between 400 and 1000 s, the
degree of stratification present caused no Toss of coolability to that region
since the fluid exiting the IHXs was colder (thus more dense) and thus the
buoyancy forces acted in the same direction as the inertia forces.

The responses of thermocouples located at the entrances and exits of
critical subregions are presented in Fig. 96 for JU0301. The thermocouples
are located in the upper plenum (S13), core exit (S5), IHX inlet (L1), IHX
exit (L5), outside radial shield (R5), pump inlet (PI1), pump exit (PE4), and
the core return pipe (P3) (see Figs. 11 and 12). Generally, after t = 1800 s,
the PRISM model was stratified (flowrate was less than 4.5% of full flow) and
the cooling was due to the greater heat sink capacity of the IHXs compared to
the power provided by the immersion heater, i.e., 10.8% versus 1.5% of full
power. Again, this behavior is exaggerated since the heat sink capacity in
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the prototype decreased to below 2.6% of full power as opposed to the decrease
to 6% in the ANL model (see Fig. 92). The maximum rate of change of
temperature with a meaningful duration of longer than 120 s was observed in
the response of thermocouple L5 shown in Fig. 96. The maximum rate of change
of temperature occurred during the period between approximately 150 and

400 s. Its value in model units is 0.019°C/s, which corresponds to 0.19°C/s
in the prototype. These values are very small and should present no
structural problems.

Dye injected at the P4 pump exit, i.e., at PE4 (see Fig. 11), just after
the transition to internal flow was swept into the exit of P4, indicating the
presence of reverse flow in the shut down pump. Dye injected into the
transient at P4 pump exit at 6 min 24 s (and also at 8 min) drifted into the
pump with a definite slow velocity and went out of view, an indication that
the reverse flow was still present in the shut down pump. Dye was seen as a
distinct filament. At 10.5 min (also 11.5 min) into the transient, dye at the
P4 pump exit flowed away from the exit and excess dye injected at inlet of P3,
i.e., at PI3, went up the pump P4 inlet (at PI4), indicating the flow in the
shut down pump has reversed again and was flowing in the normal direction.
Near the end of the transient simulation (i.e., 1.25 h Tater), dye injected at
the pump P4 exit, i.e., at PE4, remained still, while excess dye injected at
the pump P3 inlet (at PI3) slowly drifted over to the pump P4 inlet (at PI4)
and remained still in the inlet. This indicates that there was no flow in the
shut down pump at this time. The presence of reverse flow in the shut down
pump may cause design problems in that overall reactor coolability is affected
and possible large temperature gradients which cause stress concerns as a
result of the reverse flow of cold fluid from the lower plenum may exist.

Thermocouple PE4 was mounted on the exit of the shut down pump P4 (see
Fig. 11). There was no observable difference in the thermal responses of PE4
for transient B-1A (Fig. 88) and for transient B-3B (Fig. 96). The observed
reversed flow was not strong enough to influence the thermal behavior at the
exit of the shut down pump. In fact, the response of thermocouples located in
the various critical regions of the model were all very similar for the two
transients. The main differences observed are the temperature difference in
the initial stratified region of the upper plenum and the flowrate at that
instant of transient B-3B, which were both 0.75 of transient B-1A, and the
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reversed flow observed in the shut down pump in B-3B. Reynolds and Richardson
numbers (based on the core barrel ID) are very similar, i.e., 2615 and 313,
respectively, for B-1A, versus 2070 and 549, respectively, for B-3B,
reflecting the previously mentioned differences.

In summary, the simulation of transient B-3B indicates the existence of
some stratification in the upper plenum for a short period of time, no
stratification in the lower plenum, very small rates of change of temperature
of internal structures, reversed flow in the shut down pump for a short period
of time, and a generally favorable coolability of the entire model after the
scram. The absence of significant stratification in either plenum is
important for the designers since the large temperature gradients over small
distances associated with stratification are not present to cause thermal
stress problems in regions in which these large gradients are unexpected. The
reverse flow in the shut down pump can potentially cause thermal stress
problems because of the potentially large temperature gradients which are not
anticipated.

4.2.1.4 Loss of Feedwater to All Modules Supply One Turbine, With Scram After
Steam Generator Dryout (B-5B)

Tests simulating the GE prototype transient B-5B, loss of feedwater to
all modules supplying one turbine with scram after steam generator dryout,
were conducted during Phase II of PRISM testing. Temperature and flowrate
were decreased in a prescribed manner, details of which were specified by GE
(see Section 3.2.1.4). This transient was repeated four times (tests JU0801,
Ju0901, Ju0902, and JUl001), with a nominal core temperature difference of
12°F (see Table VII), to check reproducibility. Comparison of the data from
these tests indicates that the results are reproducible; thus, only the
results of JUO901 with an actual core temperature difference of 12.2°F will be
presented here. The temperature and flowrate, as a function of time, are
shown in Fig. 97 for JUO90L during the initial portion of the transient when
flow was provided by the MCTF loop. At 610.3 s, the immersion heater was
turned on while the flow was still provided by the MCTF loop. At \
approximately 960 s, the MCTF was completely isolated from the model, and the
transient was continued with only the immersion heater and the four internal
pumps providing the power and flow, respectively. In Fig. 98, the



JUBLSURAL JO UOLJUO4 [BLILUI BuLsng TO6ONT 404
410W ®Y3 WOA} 340) WSIYd BuL4aIu3 PLNL4 JO Bunjedadws| pue 83edmMold /6 “BL4

(S) ANILL TYINANIEAIXA

153

0001 008 009 00% 00¢ 0
@ &4 i 2 q 1 1 — 1 1 i I _ 1 1 _ m.ﬂ
G- — 02
2 i
O -
M 0T+ - G2
wﬂm i
—3
3 G1 - 08
~ 5
N o

x !

* L
£ 0z SYely
an [
=z (

CZ - -0V
46-9 - 106000 i
0% ¢y

(D) HINIVIAINAL



T060NC 404 43Ul PL3LYS-LeLPRY dY3 3PLsu]
SUOL]RAB| ] SNOLJRA 1B WNU|J 43MOT 3Y3 ul sasuodsay aldnodowsdy)] 86 b4

(S) ANLL TVINANIHAIXH
o&om_ .oﬂom_

oowﬁ 0001 0
1 - _

—t 0¢

I - 1

154
1
-
™

I1 ® m AN nm. a*w nm aN A._”AH‘H ey i

45-9 - 106000 -

(D) FINIVIAINAL




155

thermocouple responses of 8 of the 11 thermocouples mounted on a vertical
sting on the cold plenum floor about 2 in. inside the radial-shield liner (see
Fig. 12) are presented for JU090l. For the most part, the thermocouple
responses fall on top of one another with the response of tP1 being slightly
higher than the rest, an indication of slight stratification. After t =

2000 s, the stratification grew stronger, but even at the end of the test
there was only an approximately 1°C temperature difference between the top and
bottom of the lower plenum.

The responses of four thermocouples located in the upper plenum on the
center sting (see Fig. 12) are presented in Fig. 99 for JU0901. The plenum
started out at a uniform temperature, stratified between 700 and 1600 s,
mixed, and gradually the entire plenum increased slowly in temperature.
During the entire test, the flowrate and power were gradually decreasing, and
thus the relative strengths of the inertia (velocity field) and buoyancy
forces (thermal field) were varying. This variation accounts for the complex
phenomenon observed in Fig. 99. Thermocouple S5 is located at a lower
elevation than S13. The heat sink capacity, which was initially set at 0.83%
of full power, remained practically uniform throughout the test at this
extremely low value, as shown in Fig. 100, while the power suppTied by the
immersion heater decreased to 1.5% of full power. Thus, a gradual heating of
the model, i.e., higher temperatures, was to be expected, and was observed
after t = 1600 s. The inlet and exit temperatures of the IHX heat sinks,
together with flowrate, as a function of time, are shown in Fig. 101 for
JU0901. The initial stratification observed between 700 and 1600 s was
analyzed in more detail. The model was isolated from the MCTF at 918 s. At
approximately 1000 s the flow was 6.9% of full flow (i.e., 8.8 gpm) and the
temperature difference measured in the upper plenum was 3.02°C (66.9°C in the
prototype). On the basis of these values, the Reynolds and Richardson numbers
(based on the the core barrel ID) were 2417 and 209, respectively, at that
instant. Such a large Richardson number indicates that the thermal-buoyancy
forces were very much larger than the inertia forces.

N

The response of thermocouple G3, located at midelevation in the overfiow
gap that surrounded the hot plenum (see Fig. 11), is shown in Fig. 102 for
JU0901. The respnse of thermocouple G3 is linear and practically uniform, an
indication of heat transfer by conduction (i.e., no convection). This is
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important to the designer who is estimating RVAC capacity and vessel heat
losses.

Responses for a vertical sting of thermocouples mounted on the outer
surface of the radial-shield liner (see Fig. 11) are presented in Fig. 103 for
JU0901. R1 1is at the highest elevation, whereas R5 is at the lowest. The
responses generally fall on top of one another if the initial thermocoupie
offsets are factored in, an indication that no stratification existed in the
radial-shield region. Although slight stratification was exhibited in the
responses of thermocouples R1 and R5 in the period between 1200 and 2600 s,
the degree of stratification present caused no loss of model coolability (see
Fig. 104).

The responses of thermocouples located at the entrances and exits of
critical subregions are presented in Fig. 104 for JUO901. The thermocouples
are located in the upper plenum (S13), core exit (S5), IHX inlet (L1), IHX
exit (L5), outside radial shield (R5), pump inlet (PIl), pump exit (PE4), and
the core return pipe (P3) (see Figs. 11 and 12). Generally, after t = 2800 s
the PRISM model exhibited (flowrate was less than 4.3% of full flow) two
distinct temperature regions, the upper plenum and that part of the model that
is donwstream of the IHX exits. Both regions remained at different,
essentially uniform, constant temperatures, which indicates that a steady
state condition had been reached. During this time, the temperature
difference was 2.7°C and the flowrate was 5.5 gpm, which resulted in a
calculated heat sink capacity of 1.43%, which compares favorably to the 1,3%
{see Fig. 100) calculated from the secondary flow conditions (the more
accurate calculation). The maximum rate of change of temperature with a
meaningful duration of longer than 120 s was observed in the response of
thermocouple S5 (Fig. 104). The maximum rate of change of temperature
occurred during the period between approximately 660 and 850 s. Its value in
model units is 0.015°C/s, which corresponds to 0.15°C/s in the prototype.
These values are very small and should present no structural problems.

Finally, dye injected at the right exit of the left IHX at 23 min into
the transient flowed quickly to the lower plenum, started to turn radially
inward under the radial-shield liner, and then spread circumferentially around
the entire lower plenum. Thereafter, the dye moved very slowly upward toward
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the pump inlets. The flowrate at that time was very small. At 46 min into
the transient, the first trace of dye was visible in the P3 pump exit plenum
and it started to flow down the core inlet tubes.

In summary, the simulation of transient B-5B indicates the existence of
some stratification in the upper plenum for a short period of time, no
stratification in the lower plenum, very small rates of change of temperature
of internal structures, and a generally favorable coolability of the entire
model after the scram. The absence of significant stratification in either
plenum is important for the designers since the large temperature gradients
over small distances associated with stratification are not present to cause
thermal stress problems in regions in which these large gradients are
unexpected.

4.2.1.5 Loss of Feedwater to A1l Modules Supplying One Turbine, With Thirty-
Second-Delayed Scram (B-5B)

Tests simulating the GE prototype transient B-5B, loss of feedwater to
all modules supplying one turbine, with 30-s-delayed scram, were conducted in
Phase II of PRISM testing. Temperature and flowrate were decreased in a
prescribed manner, details of which were specified by GE (see Section
3.7.5). This transient was repeated three times (tests MY2801, MY2901, and
Ju0101), with a nominal core temperature difference of 12°F (see Table VII) to
check reproducibility. Comparison of the data from these tests indicates that
the results are reproducible; thus, only the results of MY2801 with an actual
core temperature difference of 12.2°F will be presented here. The temperature
and flowrate as a function of time are shown in Fig. 105 for MY2801 during the
initial portion of the transient when the flow was provided by the MCTF
loop. At 144 s, the immersion heater was turned on while the flow was still
provided by the MCTF Toop. At approximately 460 s, the MCTF was completely
isolated from the model, and the transient was continued with only the
immersion heater and the four internal pumps providing the power and flow,
respectively. In Fig. 106, the responses of 8 of the 11 thermocouples mounted
on a vertical sting on the cold plenum floor about 2 in. inside the radial-
shield Tiner (see Fig. 12) are presented for MY280l. For the most part, the
thermocouple responses fall on top of one another, indicating that no
stratification is present in the lower plenum.
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The responses of four thermocouples located in the upper ‘plenum on the
center sting (see Fig. 12) are presented in Fig. 107 for MY280l. The plenum
started out at a uniform temperature, stratified between t = 200 and 900 s,
mixed to a slightly lower uniform temperature, and restratified after t =
1400 s. During the entire test the flowrate and power were gradually
decreasing, and thus the relative strengths of the inertia (velocity field)
and buoyancy forces (thermal field) were varying. This variation accounted
for the complex phenomenon observed in Fig. 107. Thermocouple S5 is located
at a lower elevation than S13. The heat sink capacity, which was initially
set at 10.8% of full power, varied during the test, as shown in Fig. 108, to a
low of 6%, while the power supplied by the immersion heater decreased to 1.5%
of full power. Thus, a gradual cooling of the model, i.e., lower
temperatures, was to be expected, and was observed after t = 1400 s. The heat
sink capacity in the prototype also did not remain constant, but decreased to
below 2.6% during the transient. Thus, the cooling observed in Fig. 107 after
t = 1400 s is also exaggerated, i.e., temperatures were Tower than would be
expected with a smaller, exactly simulated, model heat sink capacity. The
" inlet and exit temperatures of the IHX heat sinks, together with flowrate, are
shown in Fig. 109 as a function of time for MY280l. The initial stratifica-
tion observed between 200 and 900 s was analyzed in detail since it occurred
during the time that the heat sink most closely simulated that of the
prototype. The model was isolated from the MCTF at 472 s. At approximately
400 s the flow was 3.09 m3/hr and the temperature difference measured in the
upper plenum was 3.04°C (67.3°C in the prototype). On the basis of these
values, the Reynolds and Richardson numbers (based on the core barrel ID) were
3759 and 87, respectively, at that instant. Such a large Richardson number
indicates that the thermal-buoyancy forces were very much larger than the
inertia forces.

The response of thermocouple G3, located at midelevation in the overfiow
gap surrounding the hot plenum (see Fig. 1l), is shown in Fig. 110 for
MY2801. The response of thermocouple G3 is linear, an indication of heat
transfer by conduction (i.e., no convection). This is important to the
designer who is estimating RVAC capacity and vessel heat losses.

Responses for a vertical string of thermocouplies mounted on the outer
surface of the radial-shield liner (see Fig. 11) are presented in Fig. 111 for
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MY2801. R1 is at the highest elevation, whereas R5 is at the lowest. The
responses generally fall on top of one another if the initial thermocouple
offsets are factored in, an indication that no stratification exists in the
radial-shield region. Although slight stratification is exhibited in the
responses of thermocouples Rl and R5 in the period between 400 and 1000 s, the
degree of stratification present causes no loss of coolability to that region
since the fluid exiting the IHX's is colder (thus more dense); thus, the
buoyancy forces acted in the same direction as the inertia forces.

The responses of thermocouples Tocated at the entrances and exits of
critical subregions are presented in Fig. 112 for MY280l. The thermocouples
are located in the upper plenum (S13), core exit (S5), IHX inlet (L1), IHX
exit (L5), outside radial shield (R5), pump inlet (PI1), pump exit (PE4), and
the core return pipe (P3) (see Figs. 11 and 12). Generally, after t = 1800 s
(flowrate was less than 6% of full flow) the PRISM model was separated into
two distinct temperature zones resulting from the IHX heat rejection, each
region being stratified. The cooling was due to the greater heat sink
capacity of the IHXs compared to the power provided by the immersion heater,
j.e., 10.8% versus 1.5% of full power. Again, this behavior is exaggerated
since the heat sink capacity in the prototype decreases to below 2.6% of full
power as opposed to a decrease of 6% in the ANL model (see Fig. 108). The
maximum rate of change of temperature with a meaningful duration of longer
than 120 s was observed in the response of thermocouple L5 (Figure 112). The
maximum rate of change of temperature occurred during the period between
approximately 90 and 350 s. Its value in model units was 0.022°C/s, which
corresponds to 0.22°C/s in the prototype. These values are very small and
should cause no structural problems.

In summary, the simulation of transient B—SB‘indicates the existence of
some stratification in the upper plenum for a short period of time, no
stratification in the lower plenum, very small rates of change of temperature
of internal structures and a generally favorable coolability of the entire
model after the scram. Essentially, the results indicate that this transient
is very similar to transient B-1A discussed in Section 4.2.1.2 with a time
delay. The absence of significant stratification in either plenum is
important for the designers since the large temperature gradients over small
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distances associated with stratification are not present to cause thermal
stress problems in regions in which these large gradients are unexpected.

5.0 SUMMARY AND CONCLUSION

Both Phase I and Phase II testing of a multiphase program aimed at
establishing the reliability and inherent safety of the PRISM advanced reactor
design have been completed. An ANL/PRISM model, constructed of clear plastic
for flow visualization, represents the most complete thermal-hydraulic water.
model built to date for a DOE LMR program. Phase I testing facilitated the
shakedown process and the development of the many complex control features and
subsystems which have been incorporated in the PRISM model. These tests also
highlighted specific thermal-hydraulic phenomena of potential interest to
designers. A series of 18 tests in Phase I have been conducted in the
following general categories: isothermal flow distribution, hot plenum free
surface behavior, constant-flow thermal transients, natural-convection flows,
and mixed forced-natural-convection flows, together with, at the request of
GE, the prototypic 100 to 25% power reduction transient A-4. During the
period after Phase I testing, recent PRISM design changes were evaluated for
their relative importance to the ANL model and were included when the change
was thought to have a possible impact on the thermal-hydraulic tests. The
following changes were incorporated in the ANL PRISM thermal-hydraulic model
for Phase II tests: 1increased simulated core resistance, an upper internal
structure (UIS), heat sinks in the two IHXs, and modifications of the inlets
to the IHXs. Twenty tests were conducted during the PRISM Phase II testing.
These represented five prototypic transients chosen by GE because their
severity and frequency of occurrence could pose potential design concerns such
as stress problems caused by rapid temperature changes, inadequate heat
rejection due to inadequate flow, etc.

The major results from these two program phases are as follows:

5.1 Phase I

e These tests confirmed that the new capabilities that were
incorporated into the facility and required for Phase II simulations
of prototypic transients are fully operational.
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At flows yielding 20% of prototype Froude number, the free surface in
the upper plenum was extremely quiescent; thus cover gas entrainment
was not a problem. This is not conclusive for the prototype since
100% of prototype Froude number was unattainable in the present
tests.

Under isothermal conditions at about 10% of simulated prototype flow,
the annular flow downstream of the IHX exits turned in radially just
below the radial-shield bottom and then proceeded up through the
radial shield, leaving a stagnant recirculation region in the Tower
plenum. For higher flowrates, there was no stagnant recirculation
region in the lower plenum.

In all the constant flow thermal upramp tests (5, 15, 30, and 60% of
simulated full flow with a 16.7°C step change in temperature) a cold,
thermally stratified stagnant region initially formed below the
radial shield in the Tower plenum, as in the isothermal tests.
However, unlike the isothermal tests, the cold stagnant region also
formed at flowrates greater than 10% of simulated prototype flow
because of the strong thermal-buoyancy forces which oppose the
downward-acting inertia forces of the fluid. This cold stagnant
region is a potential thermal stress concern to the designers because
of the large temperature gradients in a region with many welds (i.e.,
core inlet pipes etc.). There is also the potential for sodium
freeze up in this region depending on the level of RVACS heat
rejection.

ATl four of the constant-flow thermal-upramp tests exhibited
stratification in the lower plenum. Richardson numbers (based on the
radial-gap diameter outside the radial shield) ranged from 34.6 to
4914. Thus, a threshold value of Richardson number below which
stratification does not exist in the Tower plenum could not be
determined from these tests. Additional testing is needed to
determine the Richardson number below which stratification would not
occur.

The persistence time of the cold stagnant region varies inversely
with flowrate, i.e., the higher the flowrate, the shorter the
persistence time. At higher flowrates the stagnant region is washed
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away owing to turbulent mixing (i.e., Reynolds numbers of these tests
varied between 634.9 and 7258.2).

Flow caused by natural-convection currents was found in the overflow
gap during the Phase I constant-flow thermal-upramp tests. This is
important to the designer who is estimating RVAC capacity and vessel
heat losses, especially if it was previously assumed that heat
transfer was only by conduction.

In the natural-convection tests, the Tower plenum stratified, whereas
the upper plenum did not stratify. The Richardson numbers that were
based on the radial gap diameter ranged between 1276 and 5142 for
these tests. These large Richardson numbers indicate that the
buoyancy forces are very much larger than the inertia forces in the
lower plenum. The Reynolds numbers (based on the radial gap
diameter) ranged between 203 and 314 for these tests. These small
values indicate that the flows in the lower plenum are laminar.

In the mixed natural-forced-convection tests, both the upper and
lower plena stratified. As noted previously, this is a design
concern because of the large temperature gradients which could cause
stress problems. In the upper plenum, the Richardson number (based
on the core barrel diameter) for those tests varied between 56 and
99, an indication that the thermal-buoyancy forces are much larger
than the inertia forces in the upper plenum. The Reynolds number
(based on the core barrel diameter) for these tests varied between
4307 and 6374, an indication that the flows are turbulent. In the
lower plenum, the Richardson number {based on the radial-gap diameter
outside the radial shield) varied between 181 and 206 for these
tests, an indication that the thermal-buoyancy forces are also much
larger than the inertia forces in the lower plenum. The Reynolds
number (based on the radial-gap diameter outside the radial shield)
varied between 999 and 1307, an indication that the flows in the
lower plenum were laminar for these tests. Threshold values of the
Richardson number below which stratification does not exist could not
be determined from these tests for either the upper or lower plena.
Additional testing is needed to determine these important threshold
values.
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5.2 Phase II

A series of five prototypic transients, as agreed upon with GE, was
successfully compieted on schedule. These tests utilized all the
capabilities of the Advanced Reactor Test Facility checked out in
Phase I.

The results of AUQ701 of Phase I and AP2001 of Phase II, the
transient simulation of the reduction of power from 100 to 25% are
generally in agreement. The addition of the heat sink capability in
Phase II did not reveal any new concerns. There was no stratifica-
tion in either the upper or lower plenum. The Richardson number that
was based on the core barrel diameter, which is relevant for the
upper plenum, was approximately 4.0. The Richardson number (based on
the radial-gap diameter outside the radial shield), which is relevant
for the lower plenum, was approximately 6.4. Both values are small,
indicating that thermal-buoyancy forces are small compared to the
inertia forces.

The threshold Richardson number (based on the core barrel diameter)
below which stratification does not occur in the upper plenum is now
bracketed by 4.0 on the lower bound (from tests AUO701 and AP2001)
and by 56.0 on the upper bound (from JY2801 of the mixed natural-
forced convection Phase I tests).

The maximum time rate of change of temperature was very small in
PRISM during each of the five transients of Phase Il and should not
pose any thermal stress concerns.

The simulation of transient B-1A, a reactor trip from full power with
maximum decay heat, indicates the existence of some stratification in
the upper plenum for a short period of time initially (3.73°C in the
model corresponding to 76.2°C in the prototype), no stratification in
the lower plenum, and a generally favorable coclability of the entire
model after the scram.

The simulation of transient B-3B, loss of power to one primary pump,
indicates the existence of some stratification in the upper pieﬁum
for a short period of time initially (2.78°C in the model
corresponding to 61.6°C in the prototype), no stratification in the
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lower plenum, and a generally favorable coolability of the entire
model after the scram.

Reverse flow in the shut down pump during transient B-38,
corresponding to the loss of power to one primary pump, was observed
during portions of the transient as the relative strengths of the
buoyancy and inertia forces changed. The presence of reverse flow in
the shut down pump may cause design problems in that overall reactor
coolability is affected and reverse flow of cold fluid from the lower
plenum may create large temperature gradients, causing stress
concerns. As a consequence, this transient is suggested as a
potential candidate for simulation by COMMIX-1A as part of the code
validation effort.

The simulation of transient B-5B, loss of feedwater to all modules
supplying one turbine, with scram after steam generator dryout,
indicates existence of some stratification in the upper plenum for a
short period of time initially (3.02°C in the model corresponding to
66.9°C in the prototype), no stratification in the lower plenum, and
a generally favorable coolability of the entire model after the
scram.

The simulation of transient B-5B, loss of feedwater to all modules
supplying onetturbine, with 30-s-delayed scram, indicates that there
is some stratification in the upper plenum for a short period of time
initially (3.04°C in the model corresponding to 67.3°C in the
prototype), no stratification in the lower plenum, and a generally
favorable coolability of the entire model after the scram.

Among each of the last four transients (see Table VII) the model
Reynolds number that is based on the core diameter ranged between
2070 and 3759 (corresponding to 45000 and 81718 in the prototype),
indicating that the flow in the upper plenum is in transition from
laminar to turbulent. The much larger values of Reynolds numbers in
the prototype compared to those in the model are a result of the
choice of satisfying Richardson number similarity and of size
scaling. Under these conditions Reynolds number similarity is very
difficult to achieve. Since the Reynolds numbers in the model are
not Taminar, but are in the transition range, the present results are
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reasonable indications of what is occurring in the prototype. A
computer code simulation of these transients (i.e., using COMMIX),
validated with the data from these transients, would estahlish
greater confidence. The Richardson number (based on the core
diameter) ranged between 87 and 549 for these tests, an indication
that the buoyancy forces are much larger than the inertia forces in
the upper plenum. This, together with the buoyancy forces opposing
the inertia forces, gives rise to stratification in the upper plenum.

e Steady-state flow patterns in the UIS region indicate a slowly
rotating body of fluid within the UIS, with some fluid near the slot
being entrained by the flow in the annular gap around the UIS. There
may not be enough flow through the UIS to locate the source of
fission product release, i.e., additional flow holes in the top and
bottom of the UIS may be necessary.

5.3 Phase III

Currently, an updated UIS model, which is much more detailed, is being
constructed for Phase III testing. Phase III testing, which will begin March
1, 1988, will consist of generic natural convection tests with operational
heat sinks, generic mixed forced-natural convection tests with operational
heat sinks, and RVAC tests. The generic natural-convection tests with
operational heat sinks are important to establish the coolability of the PRISM
design at various power levels during steady-state operation. The generic
mixed forced-natural-convection tests with operational heat sinks are
important to establish the coolability of the PRISM design at various power
levels and Tow-flow during steady-state operation. And finally, the RVACS
cooling tests are important to establish the inherent safety of PRISM with
respect to its passive RVACS cooling. In order to conduct the RVACS cooling
tests, the windows around one-half the circumference of the model will be
removed and replaced with stainless steel inserts. Copper coils will be
mounted on the half of the containment vessel with no plastic windows. The
containment vessel will then be in§u1ated from the ambient air. Thus, various
known levels of cooling at the containment vessel wall can be applied and the
internal flow and temperature fields can be monitored. The test details for
Phase III will be determined in conjunction with GE. The results of Phase III
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will be reported by October 1988. If there is time during testing, lower
priority tests will be conducted. Such lower priority tests are additional
constant-flow thermal-upramp tests to determine the threshold value of
Richardson number below which stratification does not occur in the lower
plenum. Similarly, a new series of constant-flow thermal-downramp tests would
be conducted to determine the threshold Richardson number for the upper plenum
when the buoyancy forces oppose the inertia forces in the upper plenum.
Determination of these theshold values of Richardson numbers for the upper and
lower ptena would allow the designers to determine under what kind of
transients they would or would not have stratified plena.
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